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The field of phylogenomics involves estimating species relationships using genome-
scale data and investigating genome evolution, including processes such as incomplete 
lineage sorting (ILS), introgression through hybridization, and (paleo)polyploidy or whole 
genome duplication (WGD). Phylogenomic studies are revealing the full complexity in 
genome evolution caused by these processes which can result in many different evolutionary 
histories for genes and other genomic elements contained within each genome. These 
conflicting evolutionary gene histories across genomes suggest that organismal evolution 
does not always follow a strictly bifurcating tree-like pattern and that reticulation and hard 
polytomies are relatively common.
In this thesis, I apply phylogenomic analyses to newly generated genome-scale data 
sets for the angiosperm family Leguminosae (or Fabaceae), to enhance our estimate of 
legume phylogeny and to better understand what processes underly the difficulties in 
resolving parts of the legume phylogeny. The legumes are the third largest family of 
angiosperms with c. 19,581 described species in 770 currently recognised genera. It is a 
clade of tremendous ecological and economic importance, being widespread and often 
dominant across the globe (except in Antarctica) in various tropical and temperate forest and 
grassland ecosystems and it is the second most cultivated plant family after the grasses 
(Poaceae). Despite this importance, several parts of the legume phylogeny remain poorly 
characterized, including the deepest divergences in the family (i.e. the relationships among 
the six subfamilies) and a large portion of the mimosoid clade of subfamily Caesalpinioideae. 
The mimosoid legumes, with c. 3,300 species, form a prominent clade of lowland pantropical 
woody legumes that occur abundantly and often dominantly in rainforests, savannas, 
seasonally dry tropical forests and semi-arid scrublands. Within the mimosoids, the Ingioid 
clade forms the largest poorly-resolved part of the legume phylogeny and its (supra-)generic 
classification has long been problematic with generic delimitation in a state of considerable 
flux.
In Chapter I, I demonstrate that the six major lineages of legumes that are currently 
recognized as subfamilies originated nearly simultaneously. Data sets used consist of a 
matrix of 72 protein-coding chloroplast genes for 157 taxa and a set of alignments of 9,282 
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gene clusters for 76 taxa. Concatenated phylogenetic analyses, gene tree summarization 
methods and supernetwork reconstruction are applied showing that there is a lack of 
phylogenetic signal across the majority of gene trees for the earliest divergences in the 
legume phylogeny, and revealing strongly conflicting relationships in the remainder of gene 
trees, suggestive of ILS or introgression. This implies that the deepest divergences in the 
family occurred in rapid succession. This near-simultaneous origin of the six legume 
subfamilies has important implications for understanding the evolution of legume diversity and
traits. The prevailing view that some subfamilies are “basal” or “early-diverging” with respect 
to others should be abandoned, with each subfamily being equally likely to have maintained 
ancestral (plesiomorphic) traits or to have evolved derived (and potentially homoplasious) 
traits.
Using the nuclear gene tree set from Chapter I, in Chapter II I investigate the 
occurrence of polyploidy early in the evolution of the Leguminosae and the placements and 
timing of multiple putative WGDs, as well as the timing of the initial radiation of the legumes 
relative to the Cretaceous-Paleogene (K-Pg) boundary (KPB). Using gene tree reconciliation 
methods, gene count data and supernetwork reconstruction, I tested the number of WGDs 
that likely occurred and their placements among the earliest divergences in the family, as well 
as whether there is evidence for allopolyploidy. While some gene tree reconciliation results 
suggest a pan-legume WGD prior to the first divergences in the family in addition to WGDs 
specific to subfamilies Detarioideae and Papilionoideae, other analyses suggest an 
allopolyploid origin of (at least) subfamily Caesalpinioideae that is potentially shared with 
Papilionoideae, suggesting that the latter subfamily underwent two rounds of legume WGD 
prior to its initial diversification. The allopolyploid scenario is considered more likely since 
gene tree reconciliation methods that do not account for allopolyploidy can be misled in 
inferring an earlier WGD at the divergence of the two parental lineages of the allopolyploid. 
Time-calibration analyses show that both the initial diversification of the legumes and the 
WGDs, with the exception of the Detarioideae WGD, are closely associated with the KPB. 
Taken together, these results suggest that both ancient polyploidy and evolutionary turnover 
at the KPB due to mass extinction played a role in the rapid initial diversification of the family 
and its abundance in (early) Cenozoic fossil assemblages, by providing expanded genomic 
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substrates for diversification and ecological opportunities in newly emerging post-KPB 
habitats in the Paleocene.
Chapter III describes a complete hybrid capture project aimed at enhancing our 
estimate of the phylogeny of the currently poorly resolved mimosoid clade of subfamily 
Caesalpinioideae. The methods used here involved: (1) generating genomic data for four 
mimosoid genera with RNAseq; (2) selecting putative low-copy nuclear genes to target; (3) 
preparing sequencing libraries that are enriched for the targets using hybrid capture; and (4) 
data assembly and phylogenomic analysis. The first and third parts use relatively well-known 
methods that are well-described in the scientific literature, while the second and fourth parts 
were specifically designed for this study and implemented using a combination of custom 
python scripts and existing bioinformatic and phylogenetic tools, which are described in detail.
The final data set for phylogenomic analyses consists of 1,767 gene alignments, and includes
sequence data for 122 taxa. Results show that this hybrid capture protocol can successfully 
generate genome-scale data across the mimosoid clade, and results in a much improved 
estimate of the mimosoid phylogeny. I demonstrate that several mimosoid genera, including 
the ‘dustbin’ genus Albizia, and most informal groupings within the Ingioid clade, are not 
monophyletic. These results form the basis for future taxonomic work, including a new tribal 
and clade-based classification for subfamily Caesalpinioideae in which mimosoids are 
included. Several cases of gene tree conflict across the phylogeny are further analysed, most 
notably showing that within the large pantropical Ingioid clade of c.38 genera and more than 
2,000 species, there is a near-complete lack of phylogenetic signal across gene trees 
involving relationships among 6 or 7 well-supported Ingioid subclades. This suggests that 
there is a hard polytomy embedded within the initial radiation of the Ingioid clade involving 6 
or 7 lineages. Using the same hybrid capture protocol to increase taxon sampling will lead to 
a large and well-resolved phylogeny for Caesalpinioideae in the near future, providing the 
basis for future studies on macro-evolution and biogeography of this subfamily.
This thesis forms a significant contribution to legume phylogenomics and to 
understanding processes that lead to poor phylogenetic resolution and non-bifurcating 
organismal evolution more generally. Given the ecological importance of legumes, their initial 
diversification following the KPB and their abundance throughout the Cenozoic, the findings in
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this thesis contribute important evidence for explaining the origins of Cenozoic angiosperm 
diversity. Genome evolution in legumes is shown to be highly complex, and by explicitly 
addressing the roles of rapid lineage diversification, ILS, paleopolyploidy, hybridization and 




My thesis is finally finished. I am extremely happy and thankful for that, after all the 
hard work and the ups and downs, to have accomplished writing the three manuscripts 
presented in Chapters I-III, and to have completed my PhD thesis, was really worth the effort 
in the end. I also think I have been very lucky to have had the opportunity to do a PhD on 
such an interesting topic and especially to have met so many nice and interesting people 
along the way. My PhD has taken me to several far corners of the world, for conferences, field
work and collaborations. Field work in Brazil and Madagascar have been amazing 
experiences, especially seeing such disparate tropical ecosystems as NE Brazilian Caatinga 
and the seasonally flooded forests of the Upper Rio Negro, or the Malagasy semi-arid thorn-
scrub and montane forests of Marojejy, has really been very inspiring for my research on the 
evolution of legume diversity. I have also really enjoyed collaborating with researchers in 
Feira de Santana, New York, Brussels, Wageningen, Leiden, London and above all with the 
Inga research team in Edinburgh. This collaboration with Toby, Catherine, James and Kyle 
has been started shortly after starting my PhD and has been tremendously important for 
broadening my knowledge and skills and it has been central to the work presented in Chapter 
III. I have always very much enjoyed visiting and working in Edinburgh at the Botanics. 
Another part I really enjoyed was visiting and working in several important large herbaria 
around the world, studying their amazing collections. I also had the opportunity to supervise a 
Masters student, Anahita Aebli, which was a very nice experience from which I learned a lot. 
Anahita was a very talented student, who also came to Madagascar for part of the fieldwork 
that I did there and she produced an excellent thesis. Apart from being lucky to have had all 
these experiences during my PhD, I think I am also lucky for the study group that I happened 
to have been working on for this thesis, the Leguminosae, an exceptionally interesting plant 
family with a wonderful collaborative international research community devoted to systematic 
research on it.
The final composition of this thesis in terms of subject area and the scientific questions 
that are being tackled is rather different from what was envisioned at the start of the project. 
The project was originally focused on the mimosoid legumes, of which the third chapter is still 
testimony, while the first two chapters take the whole of the legume family as study group. 
The demise of subfamily Mimosoideae is not the reason for this, as a change in taxonomic 
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status for the clade does not mean it is no longer worth studying them of course. The two 
main reasons, I believe, for making this shift during the project are related to technical issues 
and because of following an interesting side alley further than I had planned to. 
The technical issues arose when I was trying to do hybrid capture, a pioneering new 
technique at the time but by now steadily becoming the method of choice for phylogenomic 
studies on non-model taxa. Several failures in the lab made me feel rather demotivated and I 
turned to analysing some chloroplast genome and transcriptome data that I had partly 
generated myself and tried inferring the basal relationships in the legume family which was a 
difficult phylogenetic problem for the legume research community for some time already. 
When later the hybrid capture work did yield some data after I moved to work in the lab at the 
Functional Genomics Center at the Irchel campus in Zurich, it was foreseen that the first 
chapter of my thesis would be on basal relationships in the legumes and the other two 
chapters would focus on mimosoid phylogenomics and macroevolution. After three years in 
Zurich, I left to go to the Netherlands for a while, as well as spending some time at the Royal 
Botanic Gardens in Edinburgh. During this time, I continued working on both the basal legume
relationships and the mimosoid data.
Eventually, the manuscript on deep divergences in legumes, after including analyses 
on ancient polyploidy and the associations with the Cretaceous-Paleogene boundary, grew to 
a behemoth which was not particularly well-suited for publication in a scientific journal, which 
finally dawned on us after two submissions and one round of peer review. As the reviewers 
and editor suggested, we decided to split the manuscript in two. One of the two resulting 
manuscripts is included here as Chapter I and has been submitted to the journal New 
Phytologist at the time of handing in this thesis. The other manuscript has been amended to 
include more in-depth analyses of ancient polyploidy while keeping, for the moment, most of 
the rather lengthy introduction and discussion in the version that is presented here as Chapter
II. It will most certainly be modified before publication (foreseen to be published in Systematic 
Biology) after co-authors and reviewers have commented on it, and will most likely be edited 
as well to be more concise, moving some sections to Supplementary Information. The 




Apart from the main three chapters of this thesis, I have contributed to several other 
studies during the course of my PhD. Most significantly, I was part of the core group of 
authors of the article by the Legume Phylogeny Working Group (LPWG) on the 
reclassification of the legume subfamilies, published in 2017. In this article, we included the 
most comprehensive legume phylogeny to date based on the chloroplast locus matK, for 
which I curated the mimosoid sequence data, made the final sequence alignment for all 
legume accessions, and inferred the Maximum Likelihood and Bayesian estimates of the 
phylogeny. Furthermore, I wrote the formal description of the re-circumscribed subfamily 
Caesalpinioideae which now includes the mimosoids, and contributed to the writing of other 
sections of the article. Two other articles that I co-authored with LPWG were a review of 
legume phylogenetics and classification and a progress report on the process of deciding how
to delimit the legume subfamilies in consultation with the legume systematics research 
community. 
Other studies that I contributed to include three articles on hybrid capture. One of these
articles, on the genus Inga (Nicholls et al., 2015), came out of the collaboration with Toby 
Pennington’s research group in Edinburgh and the third chapter of this thesis forms the 
counterpart of that article with a focus on the whole mimosoid clade. For the other two hybrid 
capture studies, I designed the set of targeted loci using the same procedure as described in 
Chapter III (Couvreur et al., 2019; Ojeda et al., 2019). 
One further paper focuses on chloroplast genomes of mimosoid legumes, for which I 
assembled the Inga chloroplast genome from which I first discovered the expansion of the 
inverted repeat (IR) in Ingioid plastomes (Dugas et al., 2015). And finally, early on in my PhD I
contributed to a study on legume macroevolution, sharing first authorship with a former 
colleague from Zurich, Jurriaan de Vos (Koenen & de Vos et al., 2015). Abstracts of all articles
to which I contributed during my PhD are included in Appendix I.
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The very nature of the evolutionary history of organisms and the limitations of current
phylogenetic reconstruction methods mean that part of the tree of life might prove difficult, if
not impossible, to resolve with confidence. - Delsuc et al., 2005.
Students of animals and plants have long accepted that incomplete lineage sorting,
introgression, and full-species hybridization pose difficulties for the sorts of trees that Darwin
might have had us draw. - Doolittle & Brunet, 2016.
Introduction
The Earth’s biodiversity is vast, with astronomically high estimates of the total number of 
species ranging from 3 – 100 million. Perhaps the total number of eukaryotes is around 8.7 
million (Mora et al., 2011), of which some 86% remain undescribed. So diverse is the living 
world that for the human mind it is hard to grasp its true extent, and probably few people are 
aware of the true scale of species diversity on the planet. To give some examples of 
estimates of species diversity in particular taxonomic groups or ecological communities can 
help to more clearly envisage with just how many other distinct types of organisms we share 
the Earth. For instance, it has been estimated that a single gram of forest soil may contain 
between 12,000 and 18,000 distinct genomes (strains or “species”) of bacteria (Torsvik et al., 
1996). Above ground, a single hectare of Amazonian rainforest may contain 473 tree species 
(Valencia et al., 1994), while the total known seed plant diversity of the Amazon basin in its 
entirety is estimated at 14,003 species, of which 6,727 are trees (Cardoso et al., 2017). The 
Angiospermae are by far the largest group of plants, and while not as diverse as Arthropoda, 
the diversity of which runs into the millions, Angiospermae is an enormously diverse clade 
with estimates of the total number of species ranging from c. 260.000 (Thorne, 2002; 
Scotland & Wortley, 2003) to c. 369.000 (Kew, 2016). Within the angiosperms, the 
Leguminosae, which are the focus of this thesis, form the third largest family with nearly 
20,000 published and accepted species (LPWG, 2017). It is also the family that contains the 
largest genus of plants, Astragalus, commonly known as the milk-vetches, with an estimated 
2,500-3,000 species mainly distributed across the Northern Hemisphere. Because of this 
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spectacular diversity on the planet, cataloguing the Earth’s living organisms has been and 
remains both a major goal of, and one of the biggest challenges in biology ever since the first 
naturalists started collecting specimens and emergence of the research field of taxonomy. 
A related central goal of biology has been to estimate how all of this diversity of life 
evolved and how taxa are related to each other, generating the metaphor of the Tree of Life 
(ToL) – a gigantic bifurcating tree-like diagram composed of nodes and edges (or 
internodes/branches) that connect all of the millions of extant species with each other and 
with their extinct relatives and ultimately, with the last universal common ancestor. Drawing 
trees to represent a classification of organisms goes back to pre-Darwinian times, but most of 
these are not true phylogenies as they do not indicate relationships based on common 
descent. After Darwin’s publication of the Origin of Species (1859), the use of phylogenies to 
illustrate the evolution of organisms became more common. With the introduction of cladistics
(Hennig, 1966), phylogeny reconstruction became a methodology to infer natural 
classifications of organisms. Then, with the advent of DNA sequencing, phylogenetic 
systematics truly took off, leading to large-scale changes in the classification of organisms 
(e.g. APG, 1998, 2003, 2009; APG et al., 2016) and a flourishing of methodological 
developments for analysis of molecular sequence data to infer phylogenies (see Yang & 
Rannala (2012) for a review). However, the use of genomic data also led to problems with the
ToL metaphor, as it was discovered that due to extensive lateral gene transfer (LGT), 
microbial evolution is poorly represented by a bifurcating tree and that a network or Web of 
Life is a more accurate representation of relationships among Bacteria and Archea (Doolittle, 
1999; Doolittle & Brunet, 2016). Moreover, eukaryote evolution is not always well represented 
by a strictly bifurcating tree, since in eukaryotes there is also widespread (but less extensive) 
reticulation caused by hybridization (e.g. Marcet-Houben & Gabaldón, 2015; Meier et al., 
2017) and LGT (e.g. Christin et al., 2012; Li et al., 2014; Dunning et al., 2019). Furthermore, 
deep coalescence leading to incomplete lineage sorting (ILS) appears to be common in 
eukaryote evolution, especially associated with episodes of rapid successive speciation (e.g. 
Suh et al., 2015), and also leads to gene tree discordance with respect to the species tree. 
The realisation that gene trees do not necessarily (or most often do not) resemble the species
tree, as well as the abandonment of the ToL hypothesis in microbiology, has led to 
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suggestions that the evolution of life on earth is best considered as a forest of gene trees 
(Koonin & Wolf, 2009). However, “in multicellular eukaryotes the molecular mechanisms and 
species-level population genetics of variation do indeed mainly cause a tree-like structure 
over time” (Bapteste et al., 2009). In other words, the eukaryotic ToL can be seen as an 
emergent organismal phylogenetic tree that is deeply rooted in an organismal web of Bacteria
and Archea (Doolittle, 1999), that connects the forest of microbial gene trees. And while the 
phylogeny of multicellular Eukarya is far from being free of reticulation and is perhaps rife with
hard polytomies, it is for the largest part still well represented by a bifurcating organismal 
species tree, within which gene trees reflect more complex incongruent patterns of gene 
evolvution, even if not a single individual gene tree is fully congruent with the organismal tree.
Perhaps in particular for macroevolutionary studies in eukaryotes, the ToL is a useful 
metaphor and research tool for gaining insights into the processes responsible for the 
evolution of the enormous eukaryotic species diversity on the planet, regardless of the 
amounts of deep-coalescence and reticulation among closely related lineages. 
This thesis presents several new and important contributions to the catalogue of Life 
on Earth, providing a new phylogenetic framework for legume evolution (Chapter I of this 
thesis), lending further support to the reclassification of the legume subfamilies by the 
Legume Phylogeny Working Group (2017), as well as presenting a new protocol and initial 
phylogeny for studies on mimosoid legumes (Chapter III of this thesis), which will lead to 
large-scale re-delimitation of mimosoid genera and a new classification for Caesalpinioideae 
in the near future. By tackling some of the most difficult phylogenetic problems in the 
prominent legume family, including the deepest dichotomies and the least resolved clade in 
the family, this thesis also significantly contributes to the goal of reconstructing the ToL.
The recent merging of the fields of phylogenetics and comparative genomics – referred
to as phylogenomics – has led to a much broader and fuller understanding of the origins of 
biodiversity, by comparing genome-scale data for tens to hundreds of genomes and 
reconstructing their evolution in a phylogenetic framework. In particular, phylogenomics is 
starting to reveal the true extent to which processes such as ILS, LGT, hybridization and 
paleopolyploidy (or whole genome duplication, WGD) have shaped genome evolution across 
the eukaryote ToL. In early legume evolution, multiple polyploid events occurred and Chapter 
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II of this thesis presents significant new insights into the role of polyploidy in legume evolution 
and the difficulties of obtaining phylogenetic resolution along the legume backbone. More 
generally, Chapter II presents important insights into how polyploidy and massive biotic 
turnover at the K-Pg boundary shaped the evolution of angiosperm diversity, separately, as 
well as in concert. In the next paragraphs, I first review recent developments in 
phylogenomics, then introduce the study groups of this thesis, namely the legume family and 
the mimosoid clade, and finally I outline the main chapters and hypotheses that are tested 
within these.
Recent developments in phylogenomics
The next-generation sequencing (NGS) revolution has led to a rapid increase in 
complete genome sequencing, alongside the introduction of targeted massively parallel 
sequencing techniques such as RNAseq, hybrid capture and RADseq, meaning that the 
volumes of available sequence data are exploding. The term ‘phylogenomics’ was coined in 
the late 1990s (Eisen, 1998; O’Brien & Stanyon, 1999). According to Philippe et al. (2005), 
“the main issues are (a) using molecular data to infer species’ relationships and (b) using 
information on species’ evolutionary history to gain insights into the mechanisms of molecular
evolution.” I give some examples of recent studies and methodological developments relating 
to these two issues. 
Some of the first phylogenetic studies to employ genome-scale data were on yeast 
species, where with a matrix of 106 genes, Rokas et al. (2003) inferred a highly supported 
species tree despite widespread incongruence across gene trees. Yeasts have continued as a
model system for phylogenomics, and a more recent data set which includes 1,070 gene 
alignments that yield 1,070 distinct gene tree topologies that are all different from the species 
tree (Salichos & Rokas, 2013), highlighted gene tree incongruence even more strikingly. With 
the advent of genome-scale data it wasinitially thought that using larger sequence data sets 
would solve incongruence problems by reducing random and sampling errors, but conflicting 
results using genome-scale data, for example on the early diversification of animals (Philippe 
et al., 2011), showed that this would not necessarily be the case. Indeed, phylogenomics has 
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not solved, but instead highlighted the complexity of many difficult phylogenetic problems, 
such as the controversies surrounding the relationships within placental mammals (Teeling & 
Hedges, 2013); the Neoaves clade of birds (Suh, 2016) and in the land plant phylogeny, 
where the mono- or paraphyly of bryophytes is still heavily debated (Qiu et al., 2006; Wickett 
et al., 2014; de Sousa et al., 2019). 
Given the sparse availability of complete genome sequences, many early 
phylogenomic studies focused on deep relationships in clades for which sequencing effort 
had been relatively high, but the introduction of targeted sequencing in NGS has opened up 
opportunities to conduct phylogenomic studies on non-model groups. Several reviews of 
targeted sequencing and the different techniques used in many different studies, have been 
written (e.g. Cronn et al., 2012; Lemmon & Lemmon 2013), of which I mention a few here. 
RNAseq, although not specifically a targeted sequencing technique can be used in a similar 
way to create ‘reduced representation sequencing libraries’, meaning that particular regions of
the genome, in this case expressed genes in a particular tissue, are enriched in the 
sequencing library prior to sequencing. And indeed, RNAseq has been used to generate data 
for phylogenomics in several plant groups (e.g. Caryophyllales, Yang et al. 2015; land plants, 
Wickett et al., 2014; and legumes, Cannon et al., 2015 and Chapters I & II of this thesis). A 
different approach is offered by the use of restriction enzymes in methods such as RADseq 
and GBS, where regions adjacent to the restriction site are sequenced (e.g. Eaton & Ree, 
2013; Wagner et al., 2013; Cavender-Bares et al., 2015; Atchison et al., 2016). However, 
perhaps the most widely used current method is hybrid capture, where single-stranded bait 
molecules (either DNA or RNA) are hybridized in solution to the complementary targeted 
regions and subsequently captured, usually with magnetic beads, while the unwanted regions
are (for the most part) washed away (Grover et al., 2012). Usually the targeted regions are 
the exons of low-copy and/or functionally interesting genes (e.g. Mandel et al., 2014; Nicholls 
et al., 2015; Sass et al., 2016; Moore et al., 2017; Couvreur et al., 2018; Johnson et al., 2018;
Chapter III of this thesis), but regions conserved across taxa regardless of function have also 
been targeted specifically for phylogenomics (e.g. ultra-conserved elements (UCE) loci, 
McCormack et al., 2012; “anchored phylogenomics”, Lemmon et al., 2012). An added benefit 
of hybrid capture is that organellar or ribosomal DNA, which exist in high copy numbers, can 
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often be extracted and analysed from off-target sequencing reads (Weitemier et al., 2014). In 
Chapter III, a complete hybrid capture project, from generating genomic data to target 
selection and analysis of the captured sequence data, is described for the mimosoid legumes,
which includes the most difficult to resolve large clade within the legume family, the Ingioid 
clade.
In terms of analysis methods, particularly important developments have taken place to 
analyse and/or accommodate gene tree incongruence. These include Bayesian species tree 
analyses with a full multi-species coalescent model within which gene trees evolve and do not
necessarily match the simultaneously estimated species tree, while also estimating ancestral 
population sizes and deep coalescence, thereby accommodating ILS (Edwards et al., 2007; 
Heled & Drummond, 2009). These methods are arguably the most sophisticated in 
phylogenomics and use a realistic model to explain gene tree incongruence that is not caused
by reticulate evolution. However, these methods are only applicable to particular data sets 
due to the heavy computational load and the need to sample multiple individuals per species. 
Therefore, other methods have been proposed that rely on first estimating individual gene 
trees and then either evaluating support and conflict across gene trees with respect to a 
concatenation-based species tree (Smith et al., 2015), summarizing them within a multi-
species coalescent framework (e.g. ASTRAL, Mirarab et al., 2014), inferring (extended) 
majority-rule consensus trees from them (Salichos & Rokas, 2013), or using Bayesian 
concordance analysis (Larget et al., 2010) to obtain the most probable species tree topology. 
A central concept in these methods is that across the phylogeny alternative topologies are 
evaluated based on the distribution of gene tree relationships, either by estimating quartet 
support (Sayyari & Mirarab, 2016), internode certainty (Salichos & Rokas, 2013; Kobert et al., 
2016) or concordance factors (Larget et al., 2010), comparing the first to the second most 
prevalent conflicting bipartition or to multiple alternative bipartitions for each node. These 
methods are likely to become ever more important to disentangle complex evolutionary 
histories across the ToL as more and more gene trees for additional clades are estimated. 
Apart from tackling gene tree incongruence, another notable methodological advance 
has been the development of more realistic models of sequence evolution, in particular for 
protein sequences. It has long been acknowledged that poor model fit can lead to inference 
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artefacts such as long branch attraction (LBA), and when concatenating large numbers of 
gene alignments, such artefacts are exacerbated. Therefore, it is critical to use adequate 
substitution models and especially to account for heterogeneity across the alignment caused 
by different functional and evolutionary constraints across genes, domains and sites. 
Substitution rate variation among sites is generally accounted for by a discrete gamma model 
or by partitioning the data by codon position, which is usually extended in supermatrix 
approaches with partitioning by gene to account for variation between genes. However, these 
methods fail to adequately capture fine-scale heterogeneity both within and across genes and
moreover, for smaller partitions it becomes more challenging to estimate substitution 
parameters. Therefore, mixture models have been developed to estimate site-specific 
substitution parameters across a sequence alignment without partitioning the data a priori. 
The CAT (Lartillot & Philippe, 2004) and LG4M/LG4X (Le et al., 2012) models are specifically 
designed for protein sequences, while the former also gives a good fit to DNA data. Pagel & 
Meade (2004) described a Bayesian reversible-jump mixture model to detect ‘pattern-
heterogeneity’ in either nucleotide or amino acid sequences. All of these models are able to 
use the power of the full alignment for estimating substitution parameters by analysing 
similarly evolving sites regardless of gene or codon position and they have been shown to 
significantly reduce the occurrence of LBA artefacts (Lartillot & Philippe, 2004; Lartillot et al., 
2007). 
The other main issue in phylogenomics, studying the mechanisms of molecular 
evolution, is very broad and includes studies on the evolution of gene function across 
organisms, gene content and genome size evolution, the process of speciation (including 
hybridization/introgression) and polyploidization. Originally, the term phylogenomics was 
introduced to describe a method of functional prediction of genes by evolutionary analysis 
(Eisen, 1998), but the evolution of gene function remains an important focus of 
phylogenomics under its current expanded characterization. For example, Lee et al. (2011) 
used a functional phylogenomic approach to identify gene categories that are associated with 
the diversification of particular seed plant clades, such as RNA interference genes in 
monocots. Moore et al. (2017) specifically targeted functionally interesting gene families 
involved with CAM and C4 photosynthesis and in addition to inferring a species tree, they also
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analysed the molecular evolution of these genes in relation to their functions. An example 
involving legumes is the discovery that non-nodulating legumes still contain genes that are 
functionally associated with nodulation, providing evidence for multiple losses rather than 
multiple gains of nodulation (Griesmann et al., 2019). 
The process of speciation has also received plenty of attention in phylogenomic 
studies, for example in relation to lack of resolution caused by rapid successive speciation 
events and/or hybridization/introgression. For instance, Suh et al. (2015) provided some of 
the most compelling evidence for ILS by analysing retroposon insertion sites across the 
radiation of the Neoaves clade of birds. Several studies have used phylogenomic data to 
study introgression through hybridization, showing that it is common in the evolutionary 
history of several taxonomic groups (e.g. Marcet-Houben & Gabaldón, 2015; Li et al., 2016; 
Meier et al., 2017), including many examples in angiosperms, as long suspected (e.g. Eaton 
& Ree, 2013; Escudero et al., 2014; Folk et al., 2017; Morales-Briones et al., 2018). Rapid 
radiations, such as those of cichlid fishes (Brawand et al., 2014), Galapagos finches 
(Lamichhaney et al., 2015) and wild tomatoes (Pease et al., 2016), have been subjected to 
various types of phylogenomic analysis, highlighting several interesting aspects of how 
speciation proceeds during radiations, including the sorting of ancestral variation, de novo 
gene origination and accelerated coding sequence evolution.
Polyploidization (or WGD) is a recurrent feature of genome evolution and ancient WGD
events are thought to have been important in the evolution of several major groups, including 
yeasts (Wolfe & Shields, 1997; Kellis et al., 2004) tetrapods (Dehal & Boore, 1005), teleost 
fishes (Glasauer & Neuhauss, 2014), frogs (Session et al., 2016), and above all across 
plants, e.g. seed plants and angiosperms (Jiao et al., 2011), monocots (Jiao et al., 2014), 
Pentapetalae (Jiao et al., 2012), Caryophyllales (Yang et al, 2018), Malphigiales (Cai et al., 
2019), Brassicaceae (Huang et al., 2015), Asteraceae (Barker et al., 2016; Huang et al., 
2016), Malvaceae (Conover et al., 2019) and Leguminosae (Cannon et al., 2015; Chapter II of
this thesis). Phylogenomics offers unprecedented opportunities to study (ancient) polyploidy 
and has been revealing just how prevalent and widespread ancient WGDs were throughout 
the evolutionary history of angiosperms in particular (e.g. Yang et al., 2018; Cai et al., 2019). 
One of the most interesting findings is that ancient WGDs appear to be significantly 
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concentrated around the Cretaceous-Paleogene (K-Pg) boundary (Fawcett et al., 2009; 
Vanneste et al., 2014; Lohaus & Van de Peer, 2016), as extensively discussed in Chapter II. 
Ancient polyploidy also occurred during the early evolution of the legume family, and Cannon 
et al. (2015) and Stai et al. (2019) inferred as many as five independent non-nested 
polyploidy events occurred, rather than a single shared WGD, rendering most but not all 
extant legumes paleopolyploid. In Chapter II, these findings of independent WGDs and their 
phylogenetic placements are evaluated using gene family trees that include five of the six 
major lineages of legumes and the hypothesis that the origin of the legumes and legume 
WGD events are linked to the K-Pg boundary is tested.
Several methods to discover and infer the phylogenetic placement of WGDs have been
proposed. When high-quality genome assemblies are available, ancient WGDs can be 
detected from colinearity of duplicated syntenic blocks, which generally provides strong 
evidence for WGDs. However, the drawback is that high-quality assemblies are still only 
available for a relatively small number of plant species. For example in legumes, while “draft 
genomes” have recently been published for Cercis (Cercidoideae), Chamaecrista and 
Mimosa (Caesalpinioideae) (Griesmann et al., 2019), high-quality assemblies are only 
available for crop legumes and their close relatives within the 50Kb-inversion clade of 
Papilionoideae. Indeed, a WGD shared among Papilionoids was first discovered using the 
synteny approach to compare the genomes of Glycine, Medicago and Lotus (Mudge et al., 
2005; Cannon et al., 2006). Another commonly used approach is to estimate the synonymous
distance (Ks) between all paralog pairs in a genome, and plot the resulting distribution of 
these distances. Since an ancient WGD will have led to simultaneous divergence of multiple 
paralog pairs, these events are visible as peaks against the background of small-scale 
duplication events. However, the Ks plot method has serious shortcomings (Tiley et al., 2018),
meaning that it cannot reliably detect WGDs when these are very old due to saturation of 
synonymous substitutions and it also fails when ≤10% of paralog copies are retained. Most of 
the evidence for multiple independent WGDs in legumes stems from Ks plot analyses, so 
additional evidence for the phylogenetic placement of these is necessary. Phylogenomic 
methods to study ancient WGDs (i.e. those that take phylogenetic information across gene 
families into account) have also been proposed with many recent developments to address 
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this question. These methods rely on the presence of multiple WGD-derived paralog copies 
across gene family trees, which are reconciled with the species tree. These gene tree 
reconciliation approaches can be relatively simple, counting numbers of descendent 
duplicates for each node as in the program Phyparts (Smith et al., 2015) or complex, involving
models of gene duplication and loss (often augmented by modeling ILS, LGT and/or 
introgression, e.g. using the programs Notung (Stolzer et al., 2012), GRAMPA (Gregg et al., 
2017) and WHALE (Zwanepoel & Van De Peer, 2019)). A probabilistic approach that uses 
gene count data from gene families and a species tree topology has also been proposed 
(Rabier et al., 2013), providing a powerful tool for hypothesis testing, although it does not take
gene tree topologies into account. In fact, all gene tree reconciliation methods have 
limitations, meaning that combining multiple different methods, dependent on the particularity 
of WGD in the evolutionary history of the clade under study, will be necessary in most cases 
to obtain sufficient evidence for the occurrence and phylogenetic placement of WGDs.
Apart from the two main issues, other related fields in evolutionary biology are also 
starting to be transformed by the use of phylogenomic data. For example, in macro-
evolutionary studies that use time-calibrated phylogenies to infer timings of diversification and
biogeography, genome-scale data can potentially infer more accurate divergence time 
estimates since branch lengths are more accurately estimated. However, larger data sets may
merely increase precision, while the idiosyncrasies of the molecular clock and possible 
inadequacies of calibration priors are not overcome by using more data. As a consequence, 
phylogenomic dating has not ended controversies on timings of origin of major taxonomic 
groups. For instance, time-calibration analysis based on 1,478 protein-coding genes to infer 
the timing of insect evolution has led to age estimates that are mostly congruent with the 
appearance of insect lineages in the fossil record (Misof et al., 2014), but this has been 
questioned in particular for the use of overly informative priors and the placement of fossils 
(Tong et al., 2015). Also in vertebrates, controversy remains over the age estimates of major 
groups, in particular in relation to the K-Pg boundary, for example in mammals and birds, as 
discussed further in Chapter II. A recent study thoroughly analysed 7,189 nuclear genes to 
estimate a timetree for the jawed vertebrates (Irisarri et al., 2017), but ignored the effect that 
the marginal priors can have on divergence time estimation (Brown & Smith, 2017), while also
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only selectively citing other studies that found similar ages, thereby disregarding controversy 
surrounding age estimates in vertebrates. The age of the angiosperms is perhaps the most 
controversial molecular dating problem (see Magallon et al., 2015; Beaulieu et al., 2015; 
Herendeen et al., 2017). A recent study that used 80 chloroplast genes finds a Triassic origin 
of the angiosperms (Li et al., 2019), as have several previous studies based on much less 
data (see Magallon et al., 2015). However, the method used (penalized likelihood using 
bootstrap replicate trees), undoubtedly chosen by Li et al. because of the large tree size, is 
now considered inferior to more recently developed Bayesian approaches to divergence time 
estimation. Moreover, the chloroplast genome has been questioned as a reliable source of 
data for divergence time estimation due to more pronounced substitution rate heterogeneity 
relative to nuclear genes (Christin et al., 2014). Therefore, the “Jurassic gap” that Li et al. 
(2019) described, indicating the absence of angiosperm fossils in the Jurassic, may not be 
real, but could rather be caused by the use of unsuitable data and methods, as a Triassic age 
of angiosperms is not supported by paleobotanical evidence (Coiro et al., 2019).
The methods to infer timetrees using genome-scale data are mostly identical to 
analyses that use only one or a few gene sequences, except that topological uncertainty is 
usually not taken into account due to the heavy computational cost involved, and analyses 
are instead performed on a fixed topology, justified by the fact that species trees inferred from
genome-scale data are more robust. Even then, the volumes of data can cause high 
computational loads. Therefore, gene-jackknifing methods have been used (Irisarri et al., 
2017) and a method to select relatively informative and clock-like genes to reduce data set 
size has been proposed (Smith et al., 2018). 
The Leguminosae
"The family Leguminosae, though it ranks behind the Orchidaceae and the Compositae in 
total number of genera and species, offers by all other criteria the most spectacular example 
of evolutionary and ecological radiation of any angiosperm family. ... In their diversity of life 
forms, life histories, habits, geographical distributions, and relationships with pollinators, seed
11
INTRODUCTION
dispersers, herbivores, and other animal associates, the legumes are unmatched by any 
other family." - McKey, 1994.
This quote captures very well the main reasons why legumes are an exceptionally 
interesting group of plants and an excellent study group for evolutionary research. The large 
morphological and ecological diversity of legumes means that the family offers opportunities 
to answer specific questions on a great variety of aspects of flowering plant evolution. 
Moreover, because legumes are omnipresent in most vegetation types across the globe, 
together with the large number of species, the study of legume evolution has the potential to 
answer big and general questions about the evolution of plant diversity.
The family Leguminosae was first established by Adanson in 1763 in his Familles des 
Plantes. It was subdivided by De Candolle (1825) into four groups, which was elaborated 
upon by Bentham (1865), who recognised three major groups that have since been 
recognized variously at the family or subfamily rank until recently, when LPWG (2017) 
proposed a new phylogenetic subfamily classification involving six subfamilies. 770 legume 
genera are currently recognised (ranging from 1 to c. 503 per subfamily), in total harbouring c.
19,581 described species (ranging from 1 to c. 14,000 per subfamily). The steady 
accumulation of species, with publication of twenty to thirty species new to science each year,
suggests that the total number of extant legume species, including those that remain to be 
discovered and described, surpasses the 20,000 species mark, just like Orchidaceae and 
Compositae (or Asteraceae), the only two plant families that exceed the number of legume 
species.
Legumes are either trees, shrubs, lianas, suffrutices, herbs or vines, covering nearly 
the full spectrum of angiosperm habits. They typically have alternate compound leaves, 
although unifoliolate leaves can also be found in particular in Cercidoideae and 
Papilionoideae, with opposite or whorled leaves also found occasionally. Stipules are usually 
present, sometimes foliaceous. Inflorescences are highly diverse, although often racemes, 
but paniculate, globose and spicate inflorescences are common as well. Floral diversity in the 
family is truly exceptional (Fig. 1). While the majority of species in the largest subfamily is 
characterized by pea-shaped (or papilionate) flowers, in all subfamilies (except the monotypic 
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Figure 1. Flower diversity in the Leguminosae. From left to right, top row: Chadsia longidentata, Vachellia karroo,
Bauhinia madagascariensis and Ornithopus perpusillus, second row: Bussea sakalava, Campsiandra comosa, 
Anthyllis tetraphylla and Senna leandrii, third row: Baudouinia sp., Paramacrolobium coeruleum, Calliandra 
fuscipila and Lupinus cosentinii, bottom row: Delonix pumila, Pisum sativum, Medicago marina and Entada 
chrysostachys. All photos by Erik Koenen.
Duparquetioideae) floral morpholgy is far from homogeneous. Flowers can be radially or 
bilaterally symmetrical or rarely asymmetrical and the number of sepals, petals and stamens 
is variable and these can be free or fused, equal or unequal. While usually bisexual, unisexual
flowers can also be found and stamens can be modified into staminodes in sometimes sterile 
flowers. Finally, the defining feature of the family, the fruit (often referred to as the ‘legume’ or 
‘pod’) also shows remarkable morphological diversity, although it always consists of a single 
superior carpel with a unilocular ovary and has parietal placentation in two alternating rows. 
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Building on this basic ground plan, legume fruits have evolved various modes of dehiscence 
or are often indehiscent, and can then sometimes be a lomentum, samara or drupe. Fruits 
may contain a single to many seeds, which can be coloured and with or without a pleurogram,
fleshy aril, sarcotesta and/or wings. (Information from Lewis et al. (2005) and LPWG (2017)).
The large morphological diversity of legumes probably reflects the adaptive radiation of
the family across nearly all vegetation types across nearly the whole planet, Antarctica  being 
the only terrestrial region where legumes are absent. Legumes are not well-represented in 
tropical montane forests, and are not found in mangroves, but they are diverse and dominant 
in many lowland tropical forests, grasslands and semi-arid regions as well as in temperate, 
alpine and arctic grasslands and tundra and Mediterranean-type climatic regions. They are 
often woody in the tropics, usually herbaceous in the temperate zone. All legumes are further 
characterized by high nitrogen content in the leaves, and most members of Caesalpinioideae 
and Papilionoideae form a symbiotic relationship with nitrogen-fixing ‘rhizobia’ bacteria in root 
nodules (McKey et al., 1994; Sprent & Platzmann, 2001). Given the importance of nodulation 
both in an ecological and agricultural context, this trait has been intensively studied. Long 
thought to have evolved independently in several lineages of legumes from a shared cryptic 
precursor trait, nodulation has recently been shown to be instead lost massively and in 
parallel (Griesmann et al., 2019) not only in legumes but across the nitrogen-fixing clade of 
angiosperms as a whole (van Velzen et al., 2019).
Legumes most likely first evolved in the late Cretaceous or earliest Paleocene, since 
no uncontroversial legume fossils pre-date the K-Pg boundary. However, this has not been 
convincingly tested using molecular divergence time estimation, and the hypothesis that the 
crown node of the legumes is associated with the K-Pg boundary is tested in Chapter II. The 
biogeographical origin of the legumes also remains unclear, and is challenging to reconstruct 
for such a large and widely distributed family. Schrire et al. (2005) performed the most 
comprehensive ancestral area reconstruction and suggested that legumes originated around 
the Tethys Seaway in seasonally dry tropical vegetation. However, considering that the oldest 
fossil evidence of legumes stems from Patagonia (Brea et al., 2008), Schrire’s hypothesis 
seems unlikely unless these fossils represent stem-relatives of the family. Moreover, when 
studying the geographic distributions of successive sister-lineages to the core clades of each 
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subfamily, it becomes clear that these generally occupy disparate regions on the planet. For 
instance, the genera Umtiza (1 sp., Southern Africa), Gleditsia (c. 13 spp., East Asia and the 
Americas), Gymnocladus (6 spp., East Asia and North America), Tetrapterocarpon (2 spp., 
Madagascar), Arcoa (1 sp., Caribbean), Acrocarpus (1 sp., India and South East Asia) and 
Ceratonia (2 spp., North East Africa and the Mediterranean), form two successive species-
poor sister clades to the core Caesalpinioideae clade that contains the remaining c. 4,374 
species in that subfamily. Similar patterns are apparent in Papilionoideae, Dialioideae, 
Detarioideae and Cercidoideae. These depauperate lineages with deep-branching stem 
origins may constitute relicts from more diverse and widespread initial radiations of these 
subfamilies (i.e. “dying embers” sensu Spriggs et al., 2015), or they may have originated 
elsewhere, with dispersal to their current ranges theoretically taking place any time along their
long stem lineages. Either way, the biogeographic origins of these subfamilies will be 
obscured in any phylogeny inferred solely from extant taxa, as will that of the family, for which 
fossil evidence provides a South American origin as the best guess. In Paleocene fossil sites 
in Colombia (Wing et al., 2009; Herrera et al., in press) and Eocene deposits in North 
America, Europe, Asia and Africa (Herendeen & Dilcher, 1992), legumes are common and 
highly diverse, and remain diverse in later fossil sites across several continents throughout 
the Oligocene and Neogene. This suggests that legumes are not only dominant and diverse 
across the planet at present, but that they have been so throughout most of the Cenozoic, in 
both the warm Paleogene and the cooler Neogene, further highlighting the adaptive potential 
of the family. 
The drivers of legume diversification remain poorly understood. Koenen & de Vos et al.
(2013) estimated diversification rates across the family and in greater detail for several well-
sampled legume clades, and showed that diversification rates vary widely across the family. 
However, as to the causes of higher diversification in some clades relative to others, no 
general pattern was observed. Some of the variation in observed diversification rates across 
the family is suggested to be related to distinct ecologies, with distinct trajectories of 
diversification in different biomes. However, for several fast evolving legume clades, no clear 
feature that can explain the higher rates is apparent, in line with the idea that the triggering of 
rapid radiations is highly complex (Bouchenak-Khelladi et al., 2015). On the other hand, more 
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detailed studies on clades with well-sampled phylogenies have led to suggestions that 
particular trait and/or ecological shifts can explain higher diversification rates, such as a shift 
to high elevation vegetation coupled with the evolution of perennial habit in Lupinus (Hughes 
& Eastwood, 2006; Drummond et al., 2012; Hughes & Atchison, 2015), the evolution of extra-
floral nectaries in Senna (Marazzi & Sanderson, 2010) and interactions with herbivores in 
Inga (Richardson et al., 2001; Kursar et al., 2009). Similar ecological shifts in Calliandra, 
Mimosa and Indigofera, respectively to Brazilian campos rupestres, the Cerrado and South-
African fynbos, are also found to be associated with higher diversification rates (Koenen & de 
Vos et al., 2013). However, Koenen & de Vos et al. (2013) noted that their analyses suffered 
from several methodological limitations, of which the unreliable estimation of extinction rates 
from phylogenies is perhaps the most problematic. Indeed, their study did not shed much light
on the origin of high Eocene diversity of legumes apparent in the fossil record. Since most of 
the clades that show increased diversification appear to post-date the Eocene, this suggests 
that much of the Paleogene diversity has gone extinct, leading to evolutionary turnover of 
lineages (Koenen et al., 2015), likely caused by the cooling trend that followed the Eocene 
climatic optimum and continued until recently (Zachos et al., 2001).
The mimosoid clade
In Chapter III, I focus on the mimosoid clade (formerly Mimosoideae) a subclade of 
subfamily Caesalpinioideae. This clade constitutes a highly characteristic group of legumes, 
comprising c. 3,300 species of trees, shrubs, suffrutices, lianas and a few herbaceous 
aquatics (Neptunia), in c. 87 genera. Some of the diversity of inflorescences, fruits and leaves
in mimosoids is depicted in Figures 2-4. The clade is most diverse in the tropics and 
subtropics, with few species extending to temperate regions in the Northern Hemisphere, 
extratropical South America and Southern Africa, and two moderately diverse assemblages of
Acacia s.s. in the temperate SW and SE corners of Australia. Across the lowland tropics, the 
clade is found in nearly all biomes and vegetation types (Fig. 5), except mangroves. 
Mimosoids are highly abundant in rainforests in the Americas and Africa, form prominent or 
even dominant elements of the woody floras of tropical grasslands (savannas) in Brazil, 
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Figure 2. Inflorescence diversity of mimosoids. From lef to right, top row: Macrosamanea amplissima, Inga 
subnuda and Mimosa volubilis directly beneath, heteromorphic inflorescence of Dichrostachys cinerea, 
Senegalia ataxacantha, bottom row: dimorphic inflorescences of Hydrochorea corymbosa and Albizia 
grandibracteata, heteromorphic inflorescence of Parkia bahiae, Acacia sp. All photos by Erik Koenen.
across Africa and in Australia, and dominate seasonally dry tropical forests (SDTFs sensu 
Pennington; the succulent biome sensu Schrire et al. 2005 & Ringelberg et al., submitted) in 
Central America, the Caribbean, North-East Brazil, the Horn of Africa and Madagascar. The 
South-East Asian tropics are less rich in mimosoids, as is true for legumes more generally, 
but some groups of mimosoids, such as the genera Adenanthera, Albizia and Archidendron 
and allies, did diversify in this region as well, , the latter also extending into the Pacific region. 
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Figure 3. Fruit diversity of mimosoids. From left to right, top row: Hydrochorea emarginata, Enterolobium 
contortisiliquum and below it Inga subnuda, Newtonia hildebrandtii, Calliandra viscidula and below it 
Pentaclethra macroloba and Chloroleucon foliolosum, bottom row: Plathymenia reticulata, Abarema 
cochliacarpos, Macrosamanea amplissima. All photos by Erik Koenen.
Given their ubiquity across the tropics, the mimosoids offer opportunities to study macro-
evolutionary diversification on a truly pantropical scale.
The mimosoids are a morphologically distinctive group of legumes, with radially 
symmetrical flowers with valvate petal and sepal aestivation, and in most species with 
prominent, often coloured stamens for pollinator attraction, and a majority of species is 
characterized by bipinnate leaves (the large genera Inga and Acacia s.s. with once-pinnate 
leaves or leaves modified into phyllodes, respectively, being the main exceptions; Fig. 4). 
18
INTRODUCTION
Figure 4. Leaf diversity of mimosoids. From left to right, top row: Zygia cataractae, Inga pilosula, Acacia 
longifolia, bottom row: Macrosamanea amplissima, Albizia tanganyicensis and below it Abarema barbouriana 
var. arenaria, Vachellia sieberiana. All photos by Erik Koenen.
Given this distinctiveness, the clade has long been considered one of the three main groups 
of legumes, previously classified as a subfamily or even a separate family. However, radially 
symmetrical flowers are also present in several other lineages of Caesalpinioideae (sensu 
LPWG, 2017) as well as in other subfamilies. These non-mimosoid Caesalpinioids with 
radially symmetrical flowers have imbricate petal aestivation, but so does the mimosoid genus
Parkia, which is deeply nested within the mimosoid clade. Bipinnate leaves are also rather 
common across the other non-mimosoid lineages of Caesalpinioideae. Taken together, this 
suggests that mimosoids are not as distinctive as previously thought and their inclusion in 
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Figure 5. Mimosoid habitats. From left to right, top row: Semi-arid desert, seasonally dry tropical scrub, Cerrado 
fire-prone grassland, “Igapo” flooded Amazonian forest, bottom row: seasonally dry tropical scrub, African 
savanna, submontane rainforest and lowland terra firme rainforest. Top row first two photos from the left and 
photo in the bottom left corner by Colin Hughes, other photos by Erik Koenen.
Caesalpinioideae is therefore well justified (LPWG, 2017). A new tribal and/or clade-based 
classification is needed for the recircumscribed Caesalpinioideae including the mimosoid 
clade, as discussed in Chapter III. Species diversity is rather unequally distributed across the 
mimosoid clade. More than half of all mimosoid species are included in just three genera: 
Acacia s.s. (c. 1000 spp., ref), Mimosa (c. 550 spp., Barneby; Simon) and Inga (c. 300 spp.). 
Furthermore, the mimosoid generic backbone phylogeny is strongly imbalanced, and species 
diversity is mainly concentrated in the Ingioid clade (> 2000 spp.) and in the genus Mimosa. 
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The Ingioid clade has been notoriously problematic in terms of generic delimitation (Brown, 
2008) and has remained largely unresolved in current phylogenies. In Chapter III, the 
problems surrounding Ingioid classification are discussed and results from phylogenetic 
analyses of hybrid capture data are presented and discussed in relation to (lack of) 
phylogenetic resolution in the Ingioid clade.
Several mimosoid traits may have facilitated their pantropical adaptive radiation, such 
as spinescence (Fig. 6), extra-floral nectaries (EFNs; Fig. 6), pollen in polyads and 
nodulation. Spines and prickles can have several functions, including anti-herbivory defense, 
avoidance of excessive water loss and to mount surrounding vegetation in species with a 
climbing or scrambling habit. EFNs are involved in attracting ants, which will defend their host 
plant against insect herbivores. Apart from EFNs, some mimosoids in the genus Vachellia 
have evolved other traits, such as domatia in enlarged and swollen stipular spines and the so-
called Beltian bodies, modified leaflet tips that are consumed by the ants and are rich in lipids,
sugars and proteins (Fig. 6) for the recruitment of ants in anti-herbivory defense. Many 
mimosoids have their pollen aggregated into polyads. These polyads are similar to pollinia in 
orchids and milkweeds and other forms of pollen aggregation in various lineages, the 
evolution of which appears complex but probably related to more efficient siring of all ovules 
in a fruit (Harder & Johnson, 2008). This is likely to increase seed set following successful 
cross-pollination (Seijo & Solis Neffa, 2004). Nitrogen-fixation by rhizobia in root nodules is 
commonly found across most species of mimosoids, which may help them to maintain the 
nitrogen-demanding lifestyle typical of all legumes, leading to the benefit of highly productive 
nitrogen-rich leaves when photosynthesis is not limited in any other way (McKey, 1994). 
Therefore, this trait may be important for achieving dominance, as well as for colonizer 
species which are commonly found among mimosoids, as it enables rapid vigorous growth. 
Moreover, highly productive nitrogen-rich leaves may be particular advantageous in 
seasonally dry regions, where the ability to quickly photosynthesise during favourable periods 
and shed the leaves at the start of  a period of drought (McKey, 1994), may further explain the
dominance of mimosoids in the savanna and succulent biomes.
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Figure 6. Mimosoid functional traits. From left to right, top row: extra-floral nectaries on Inga edulis, 
Stryphnodendron rotundifolium and Macrosamanea amplissima, bottom row: Stipular spines in Prosopis ferox, 
modified stipular spines with ant domatia and beltian bodies at the leaflet tips of Vachellia cornigera. All photos 
by Erik Koenen, except in the bottom left corner, photo by Colin Hughes.
Important as these traits may be in providing the background for and/or triggering the 
mimosoid radiation (Bouchenak-Khelladi et al., 2015), these traits are rather uniform across 
the taxa that possess them. Traits that are highly and flexibly evolvable may be more 
important in generating large numbers of species as they are likely the traits involved with 
niche-partitioning across the available ecological space. Such traits are referred to as 
‘modulators’ by Bouchenak-Khelladi et al. (2015) and they constitute traits that are variously 
modified across a species radiation. Key candidate modulator traits in mimosoids are the 
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compound inflorescence, seed dispersal syndrome and bipinnate leaf. These three traits are 
highly variable across the clade and therefore likely to be involved with adaptation to different 
environments. The various ways in which the mostly globose or spicate inflorescences of 
mimosoids are aggregated into so-called compound inflorescences, as well as various 
modifications of different flowers within the same inflorescence unit (leading to dimorphic or 
heteromorphic inflorescences, Fig. 2), likely facilitated the recruitment of local pollinators 
when adapting to new environments. Similarly, seed dispersal that can occur by explosive 
dehiscence (ballistic dispersal or ballochory), zoochory, hydrochory or anemochory, with 
considerable variation within these categories, appear linked to adaptation to the local 
settings of e.g. the rainforests of the Amazon and Congo basins (where zoochory and 
hydrochory are common) or more open and seasonally dry habitats (zoochory, ballochory and
anemochory are common in deciduous forests and grasslands across tropical America and 
Africa). However, while inflorescence and fruit morphology are often rather uniform within 
genera, leaf traits appear to be the most variable trait across the mimosoid clade (Fig. 4). 
Similar variation in the size and shape of leaflets as well as the number of leaflets and pinnae 
can be observed among and within both more and less closely related genera, suggesting 
that these wide ranges of leaf dimensions have evolved numerous times in numerous 
different lineages of mimosoids. The number of leaflets per leaf, for example, ranges from 
several thousand individual leaflets on several tens of pinnae pairs in finely divided leaves 
(e.g. in Parkia or Vachellia) to the extreme case in which a bifoliolate, yet still bipinnate leaf is 
formed by two pinnae with one leaf each (in Zygia unifoliolata). In others, leaflets are absent 
and the petiole and rachis are modified into phyllodes, in particular in the genus Acacia in 
Australia, while some species in semi-arid regions are completely aphyllous and 
photosynthesis occurs in green stems (e.g. in some Prosopis and Acacia s.s.). Generally, in 
tropical humid forests, leaves and/or leaflets are large and evergreen, while in seasonally dry 
regions they are nearly always deciduous and often finely divided, and relatively small to 
minute. This tremendous disparification of leaf morphology likely underlies high functional 
diversity in relation to adaptation along the tropical wet-dry and seasonality climatic gradients.
The idea that this trait in particular is key to the evolutionary success of the mimosoids is a 
critical hypothesis to test in future research when a well-resolved and well-sampled phylogeny
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of the clade is available. Chapter III presents a new protocol for genome-scale data 
generation and phylogeny inference in mimosoids, and paves the way for future 
reclassification as well as macroevolutionary studies of the clade and adaptation to the 
different climatic regions in the global tropics.
Main objectives and description of the chapters
In this thesis, phylogenomic methods are applied to study the early evolution of the legume 
family and the prominent mimosoid clade of subfamily Caesalpinioideae. The main objectives 
are:
- To resolve the earliest dichotomies within the legume phylogeny and the relationships 
among subfamilies (Chapter I)
- To infer an enhanced phylogeny for the mimosoid clade, and in particular to resolve the 
Ingioid clade (Chapter III)
- To understand which evolutionary processes and/or methodological limitations underlie the 
lack of resolution observed in parts of the legume phylogeny (all chapters)
- To disentangle the complex history of paleopolyploidy during the early evolution of the 
legumes (Chapter II)
- To infer the timings of the origin of the legumes and ancient WGD events (Chapter II)
In Chapter I, the assembly and analysis of phylogenomic data sets derived from plastome 
sequences, completely sequenced genomes and transcriptomes are described. The main aim
of the study is to infer a new phylogenetic framework for legume evolution using genome-
scale data, in particular to improve phylogenetic resolution across the first divergences in the 
family, which have proven difficult to resolve. In order to assess the robustness of the inferred 
species tree and shed light on why these relationships have been difficult to resolve, the 




In Chapter II, the nuclear genomic data set generated for Chapter I is used to study the 
history of polyploidy during the early evolution of the legumes and to estimate the timing of 
WGDs in relation to the origin and early diversification of the family and the K-Pg boundary. 
The hypotheses that are tested in this chapter are: (1) the opposing hypotheses of shared 
paleopolyploidy among several or all subfamilies with potentially multiple nested WGDs, 
versus independent and non-nested WGD events in each subfamily; and (2) that ancient 
polyploidy and the initial diversification of the legume family are associated to the K-Pg 
boundary.
Chapter III focuses on the mimosoid legumes, a former subfamily and prominent clade within 
Caesalpinioideae, and attempts to answer the following questions: (1) can targeted 
sequencing through hybrid capture of low-copy nuclear genes provide useful data to infer an 
enhanced phylogeny for the mimosoid clade?; (2) have previous classification schemes for 
the Ingioid clade and generic delimitation within these led to the recognition of natural, 
monophyletic groups, and if not, can we infer robustly supported subclades within the 
Ingioids?; and (3) what has caused the difficulties in obtaining resolution within the Ingioid 
clade? 
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 Phylogenomics is increasingly used to infer deep-branching relationships while 
revealing the complexity of evolutionary processes such as incomplete lineage sorting, 
hybridization/introgression and polyploidization. We investigate the deep-branching 
relationships among subfamilies of the Leguminosae (or Fabaceae), the third largest 
angiosperm family. Despite their ecological and economic importance, a robust 
phylogenetic framework for legumes based on genome-scale sequence data is lacking.
 We generated alignments of 72 chloroplast genes and 7,621 homologous nuclear 
encoded proteins, for 157 and 76 taxa, respectively. We analysed these with Maximum
Likelihood, Bayesian Inference, and a multi-species coalescent summary method, and 
evaluated support for alternative topologies across gene trees. 
 The earliest dichotomies in the legume phylogeny are difficult to resolve due to lack of 
phylogenetic signal across chloroplast genes and the majority of nuclear genes. 
Strongly supported conflict in the remainder of nuclear genes is suggestive of 
incomplete lineage sorting or introgression. 
 All six subfamilies originated nearly simultaneously, suggesting that the prevailing view 
of some subfamilies as “basal” or “early-diverging” with respect to others should be 
abandoned, which has important implications for understanding the evolution of 
legume diversity and traits. Our study highlights the limits to phylogenetic resolution in 
relation to rapid successive speciation.
Keywords: Fabaceae, gene tree conflict, incomplete lineage sorting, lack of phylogenetic 
signal, Leguminosae, phylogenomics
Introduction
Phylogenomic studies often focus on difficult to resolve, deep relationships in the Tree of Life, 
e.g. in the land plants (Wickett et al., 2014), the deep-branching relationships of animals 
(Simion et al., 2017), the root of Placentalia (Morgan et al., 2013; Romiguier et al., 2013) and 
the initial radiation of Neoaves (Suh, 2016). What these studies have shown is that many of 
these relationships remain unresolved even when deploying large genome-scale DNA 
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sequence data sets, owing to lack of phylogenetic signal and/or conflicting signals between 
different genomic regions (Rokas et al., 2003; Salichos & Rokas, 2013), such that the inferred
relationships are often only implied by a small fraction of genes or characters (Shen et al., 
2017). While fully resolved phylogenies will therefore likely remain elusive, phylogenomic 
analysis can provide important insights into the evolutionary processes that shape phylogeny 
and the underlying causes of lack of phylogenetic resolution. For instance, incomplete lineage
sorting (ILS) or deep coalescence is widely recognised as a process causing phylogenetic 
discordance among gene trees and is routinely invoked to explain conflicting genealogies, 
even though few studies have provided compelling evidence for it (Suh et al., 2015). Lack of 
phylogenetic signal and gene tree estimation errors may be equally or more important 
(Scornavacca & Galtier, 2017). Hybridization and/or whole genome duplication (WGD) are 
other processes that can complicate phylogenetic analyses because these phenomena 
violate the assumption of a bifurcating topology and/or create difficulties for the inference of 
homology of molecular characters due to paralogy. While introgression through hybridization 
leads to reticulate patterns (a “network”), both a lack of phylogenetic signal and gene tree 
conflict due to ILS can cause hard polytomies. It can be difficult to determine whether a 
polytomy should be viewed as ‘soft’ in the case of insufficient data, or ‘hard’ in the case of 
(nearly) simultaneous speciation (Suh, 2016), since the latter is often implied by a mere 
absence of evidence for resolved relationships, rather than convincing evidence in favour of 
simultaneous speciation. Especially for deep divergences, polytomies and reticulate patterns 
are expected to be difficult to analyse due to the erosion of phylogenetic signal over time by 
saturation of substitutions.
The legume family (Leguminosae or Fabaceae) is one of the most prominent 
angiosperm families across global ecosystems and with c. 20,000 spp. (Lewis et al., 2005) it 
ranks third in size after the orchids (Orchidaceae) and daisies (Asteraceae). More than three 
decades of phylogenetic research since the first molecular phylogenies of the family were 
inferred (Doyle, 1995; Doyle et al., 1997; reviewed in LPWG, 2013a) has culminated in the 
recent reclassification of the Leguminosae into six subfamilies, with diverse floral 
morphologies (Fig. 1a-f; LPWG, 2017). The defining feature of the family is the typical 
unicarpellate and unilocular superior fruit, which is referred to as the “legume” or “pod” (Fig. 
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Figure 1. Diversity, ecology and economic importance of legumes. The family is subdivided into subfamilies (a) 
Cercidoideae (Bauhinia madagascariensis), (b) Detarioideae (Macrolobium sp.), (c) Duparquetioideae 
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(Duparquetia orchidacea), (d) Dialioideae (Baudouinia sp.), (e) Caesalpinioideae (Mimosa pectinatipinna) and (f)
Papilionoideae (Medicago marina). While the family has a very diverse floral morphology, the fruit (g) 
(Brodriguesia santosii), which comes in many shapes and is most often referred to as 'pod' or 'legume', is the 
defining feature of the family. A large fraction of legume species is known to fix atmospheric nitrogen 
symbiotically with 'rhizobia', bacteria that are incorporated in root nodules, for example in Lupinus nubigenus (h).
Economically, the family is the second most important of flowering plants after the grasses, with a wide array of 
uses, including timber, ornamentals, fodder crops, and notably, pulse crops such as peanuts (Arachis), beans 
(Phaseolus), chickpeas (Cicer) and lentils (Lens) (i). Ecologically, legumes are also extremely diverse and 
important, occurring and often dominating globally across disparate ecosystems, including wet tropical forest, for
example Albizia grandibracteata in the East African Albertine Rift (j), savannas, seasonally dry tropical forests, 
and semi-arid thorn-scrub, for example Mimosa delicatula in Madagascar (k) and temperate woodlands and 
grasslands, for example Vicia sylvatica in the European Alps (l). -- Photos a, b, d, f, i, j, k, l by Erik Koenen, c by 
Jan Wieringa and e, g, h by Colin Hughes. 
1g), a character shared across all subfamilies. Legumes are the second most cultivated plant 
family after the Poaceae, and its species serve many purposes for humans, including timber, 
ornamentals, fodder crops, hallucinogens, medicines, and most notably, a large set of globally
important pulse crops (Fig. 1i). A key trait of many legumes is the ability to fix atmospheric 
nitrogen via symbiosis with “rhizobia”-bacteria in root nodules (Fig. 1h), which leads to 
enriched soils, high nitrogen content in the leaves, and protein-rich seeds (McKey, 1994). 
Furthermore, legume species are omnipresent and often abundant in nearly all vegetation 
types across the planet, ranging in habit from large rainforest trees to small temperate herbs, 
representing one of the most spectacular examples of evolutionary and ecological radiation of
any angiosperm family (Fig. 1j-l).
Despite this prominence, a well-resolved phylogenetic framework for the family, based 
on genome-scale data, is lacking and the origin and early evolution, including deep-branching
relationships among the six legume subfamilies are poorly understood, hampering research in
comparative legume biology. Sister-group relationships between subfamilies Papilionoideae 
and Caesalpinioideae (sensu LPWG, 2017), and of the clade combining these two 
subfamilies with the newly recognized subfamily Dialioideae, have been recovered previously 
(Lavin et al., 2005; Bruneau et al., 2008; LPWG, 2017). However, the relationships between 
the clade comprising those three subfamilies and the other three subfamilies Cercidoideae, 
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Detarioideae and Duparquetioideae have not been resolved with high confidence (cf. Bruneau
et al., 2008; LPWG, 2017). Moreover, previous legume phylogenies have been exclusively 
inferred from a handful of chloroplast markers (Doyle et al., 1997; Wojciechowski et al., 2004; 
Lavin et al., 2005; Bruneau et al., 2008; Simon et al., 2009; Cardoso et al., 2012, 2013; 
LPWG, 2017), even though it is preferable to infer species trees based on analysis of 
unlinked nuclear loci to account for different evolutionary histories of individual genes 
(Maddison, 1997).
Alongside improving resolution in the legume phylogeny, our main objective is to 
investigate the causes of the lack of resolution surrounding the initial divergence and deep-
branching relationships of legumes. Specifically we ask whether lack of phylogenetic signal or
conflicting evolutionary relationships across different genomic elements is causing lack of 
resolution, or whether previous studies simply did not analyse sufficiently large data sets. 
Following on from this, given a sufficiently large volume of data, can we reject a hard 
polytomy and find support for a fully bifurcating topology? In addition to analysing sequences 
of nearly all protein-coding genes from the chloroplast genome, we analyse thousands of 
gene alignments from the nuclear genome, with a total aligned length that is several orders of 
magnitude longer than those previously used in legume phylogenetics. This means we can 
also dissect and analyse phylogenetic signal and conflict across unlinked loci, and data 
deficiency can most likely be ruled out as the cause of lack of resolution. We analyse these 
new datasets with Maximum Likelihood (ML) analysis, Bayesian inference and a multi-species
coalescent summary method to infer the most likely relationships among the legume 
subfamilies. Having inferred the most likely species-tree topology, we evaluate numbers of 
supporting and conflicting bipartitions across gene trees for critical nodes, and discuss the 




DNA/RNA extraction and sequencing
For the newly generated chloroplast gene data, DNA was extracted from fresh leaves, 
leaf tissue preserved in silica-gel or herbarium specimens, using the Qiagen DNeasy Plant 
Mini Kit. Sequencing libraries were prepared using the NEBNext Ultra DNA Library Prep Kit 
for Illumina, and sequenced on the Illumina HiSeq 2000 sequencing platform, at low coverage
(‘genome-skimming’), or as part of hybrid capture experiments for a separate study on 
mimosoid legumes (Koenen et al., unpublished data). For the newly generated nuclear gene 
data, we used transcriptome sequencing, for which RNA was extracted from fresh leaves 
using the Qiagen RNeasy Plant Mini Kit. RNA sequencing libraries were prepared using the 
Illumina TruSeq RNA Library Prep Kit and sequenced on the Illumina HiSeq 2000 sequencing 
platform. All lab procedures were performed according to the specifications and protocols 
provided by manufacturers of the kits.
Sequence assembly
Raw reads for the chloroplast DNA data were cleaned and filtered using the following 
steps: (1) Illumina adapter sequence artifacts were trimmed using Trimmomatic v. 0.32 
(Bolger et al., 2014), (2) overlapping read pairs were merged with PEAR v. 0.9.8 (Zhang et 
al., 2014) and (3) low quality reads were discarded and low quality bases at the end of the 
reads were trimmed with Trimmomatic v. 0.32 (using settings MAXINFO:40:0.1 LEADING:20 
TRAILING:20). The quality-filtered reads were assembled into contigs using the SPAdes 
assembler v. 3.6.2 (Bankevich et al., 2012). For RNA data, we used the FASTX-toolkit v. 
0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/index.html) to remove low quality reads (less 
than 80% of bases with a quality score of 20 or higher), TagDust v. 1.12 (Lassmann et al., 
2009) to remove adapter sequences, and PRINSEQ-lite v. 0.20.4 (Schmieder & Edwards, 
2011) to trim low quality bases off the ends of reads. Transcriptome assembly was performed 
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on the quality-filtered reads using Trinity (Grabherr et al., 2011; Release 2012-06-08), with 
default settings.
Chloroplast proteome alignment
DNA sequences of protein-coding chloroplast genes were newly generated for 49 
accessions, or extracted from several different data sources, as specified in Table S1. 
Sequence data were extracted directly from annotated plastomes in Genbank, by blast 
searches from de novo assembled contigs and from transcriptomes using custom Python 
scripts. Sequences for some outgroup taxa (data from Moore et al., 2010) were downloaded 
separately per gene from Genbank. For each gene, a codon alignment was inferred using 
MACSE v. 1.01b (Ranwez et al., 2011). Phylogenetic trees were inferred for each gene 
separately to screen for erroneously aligned sequences with RAxML v. 8.2 (Stamatakis, 
2014). For some species, individual gene sequences that led to anomalously long terminal 
branches were removed. The genes accD and clpP were removed completely, because they 
have been lost, pseudogenized or relocated to the nuclear genome in several legume 
lineages (Magee et al., 2010; Williams et al., 2015; Dugas et al., 2015), leading to poor quality
alignments. Gene alignments were concatenated, the full alignment visually checked, and 
obvious misalignments resolved. Furthermore, sequence errors (single A/T indels) that 
caused frameshift mutations were corrected and the accuracy of the alignment at codon level 
was assessed and corrected if necessary. For the genes ndhF, ndhI, rpl20 and rps18, where 
the ends of coding sequences had varying lengths, all sites between the first and last stop 
codon in the alignment were excluded, since they were poorly aligned. Finally, using BMGE v.
1.12 (Block Mapping and Gathering with Entropy; Criscuolo & Gribaldo, 2010) the codon 
alignment was translated to amino acid sequences.
Nuclear gene data and matrix assembly
Whole genome and transcriptome data were downloaded from various sources and 
augmented with newly generated transcriptome sequence data for six Caesalpinioideae and 
46
CHAPTER I
Detarioideae taxa (Table S2). Peptide sequences were downloaded from annotated genomes 
or were extracted from transcriptome assemblies using TransDecoder 
(http://transdecoder.github.io/). To assemble the nuclear peptide sequence data into aligned 
gene matrices, we used the pipeline of Yang & Smith (2014). We performed mcl clustering as 
described in Yang & Smith (2014), with a hit fraction cut-off of 0.75, inflation value of 2 and a 
minimum log-transformed e-value of 30. These settings lead to clusters with good overlap 
between sequences and good alignability (omitting genes that are too variable), although we 
may have lost a few short gene clusters. The resulting homolog gene clusters were subjected 
to two rounds of alignment with MAFFT v. 7.187 (Katoh & Standley, 2013), gene tree 
inference with RaxML v. 8.2 (Stamatakis, 2014), pruning and masking of tips and cutting deep
paralogs as described in Yang & Smith (2014). In the first round we used 0.3 and 1.0 as 
relative and absolute cut-offs for trimming tips, respectively, and 0.5 as the minimum cut-off 
for cutting deep paralogs, and keeping all clusters with a minimum of 25 taxa for the second 
round. In the second round we used more stringent cut-off values (0.2 and 0.5 for trimming 
tips and 0.4 for cutting deep paralogs). See Yang & Smith (2014) for more information on 
these parameter settings. One-to-one orthologs, i.e. those homolog gene clusters in which 
each taxon is represented only by a single gene copy, and rooted ingroup (RT) homologs 
were extracted from the homolog cluster trees, with a minimum aligned length of 100 amino 
acids for each homolog. RT homologs are extracted by orienting homolog cluster trees by 
rooting them on the outgroup (in our case Aquilegia coerulea and Papaver somniferum), 
detecting gene duplications and pruning the paralog copies with fewer taxa present until each 
taxon is represented by a single copy. The outgroup is also pruned, and clusters in which 
each taxon is only present once are also included, meaning that all 1-to-1 orthologs are also 
in the RT homolog set. See Yang & Smith (2014) for a more details. Sequences with more 
than 50% gaps and all sites with more than 5% missing data were removed from the homolog
alignments using BMGE. For the 1-to-1 orthologs, alignments with fewer than 50 taxa were 





Gene tree inferences were made with Maximum Likelihood (ML) analysis in RaxML v. 
8.2 (Stamatakis, 2014). Species tree analyses were performed with ML in RAxML, using 
Bayesian inference in Phylobayes-MPI 1.7 (Lartillot et al., 2013) and the multi-species 
coalescent summary method implemented in ASTRAL v. 5.6.3 (Mirarab et al., 2014). 
Gene trees of 1-to-1 orthologs and RT homologs were estimated with RAxML using the
WAG + G model, with 100 rapid bootstrap replicates. We calculated 80% majority-rule 
consensus trees for each ortholog or homolog and used these to calculate Internode 
Certainty All (ICA) values using RAxML, in order to include only nodes that received 80% or 
greater bootstrap support (BS) in the individual gene trees. We also used the concordance 
analysis in phyparts (Smith et al., 2015), with a BS cut-off of 50% and used the output to 
extract numbers of supporting and conflicting bipartitions for plotting pie charts on the species
tree.
For the ML species tree analysis using nucleotide sequences of the chloroplast 
alignment, we used PartitionFinder 2 (Lanfear et al., 2017) to estimate partitions, with a 
minimum length per partition set to 500 nucleotides, and allowing different codon positions 
per gene to be in different partitions. The resulting 16 partitions were run with the GTR + 
GAMMA model, and 1000 rapid bootstrap replicates were carried out. For the amino acid 
sequences, the ML analyses of both the chloroplast alignment and the concatenated 
alignment of nuclear 1-to-1 orthologs were analysed with the LG4X model, without 
partitioning, as this model accounts for substitution rate heterogeneity across the alignment 
by estimating four different LG substitution matrices (Le et al., 2012). For the chloroplast 
alignment, 1000 rapid bootstrap replicates were carried out. 
 Bayesian species tree analyses were performed with the CATGTR model, with 
invariant sites deleted and default settings for other options in Phylobayes. Analyses on the 
chloroplast alignment were run until the chain reached convergence (usually after 10-20k 
cycles), and the first 10% of the chain was discarded as burnin. To perform Bayesian 
analyses on the complete 1-to-1 ortholog set in a computationally tractable manner, we ran 25
gene jack-knifing replicates without replacement, dividing the total number of genes over five 
subsets with five replicates. These subsampled replicates were run in Phylobayes-MPI, with a
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starting tree derived from the analysis sampling the 100 genes with the longest gene tree 
length, using the CATGTR model with constant sites deleted, for 1000 cycles each. We found 
that all 25 chains had converged after a few hundred cycles, and discarded the first 500 
cycles of each as burn-in. A majority-rule consensus tree was constructed using sumtrees.py 
(from the Dendropy library; Sukumaran & Holder, 2010) from 12500 total posterior trees, 
representing the MCMC cycles 501-1000 of each replicate. For the ML and Bayesian 
analyses, concatenated alignments were not partitioned. Instead we rely on the LG4X and 
CATGTR models to take rate heterogeneity into account, since these models describe 
heterogeneity across alignments more accurately than partitioning by gene and/or codon as 
the substitution process also varies across gene sequences and codon positions. 
For the multi-species coalescent analysis with ASTRAL, we used the 1-to-1 ortholog 
gene trees estimated with RAxML, using local posterior probability and quartet support to 
evaluate the inferred topology (Sayyari & Mirarab, 2016). We also used the polytomy test in 
ASTRAL (Sayyari & Mirarab, 2018) to evaluate whether a hard polytomy can be rejected for 
the relationships among subfamilies, where a p-value of <0.05 is considered as a rejection of 
the null hypothesis of a polytomy.
We used SplitsTree4 to draw a filtered supernetwork (Whitfield et al., 2008) of the 
1,103 1-to-1 orthologs, using the 80% majority-rule consensus trees to only include well-
supported bipartitions to infer the network. All gene trees were pruned to include only the 
nitrogen-fixing clade of angiosperms. Furthermore, for the relatively densely sampled 
Papilionoideae and Caesalpinioideae we several taxa that were less well represented across 
gene trees. The mintrees parameter was set to 552 (at least 50% of the number of orthologs) 
and the maximum distortion parameter was set to 0.
Counting supporting bipartitions for key nodes across gene trees
Using a custom python script (Supplementary Script S1), numbers of matching and 
alternative bipartitions across the RT gene trees were counted for particular nodes labelled A-
H in Figure 3 in the legume phylogeny. For this purpose, we assessed monophyly of each of 
the subfamilies and combinations (clades) of subfamilies, against the outgroup, across all 
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gene trees. For each gene tree, we first assessed whether all six groups (five subfamilies plus
the outgroup) are represented, gene trees with missing groups were not taken into account. 
Next, we evaluated whether the gene tree includes a matching bipartition for the family, each 
subfamily and for all possible combinations of subfamilies. A matching bipartition means that 
all taxa of a subfamily or combination of subfamilies are separated from all other taxa in the 
gene tree, including the outgroup, thus constituting support for that clade to be monophyletic. 
For combinations of subfamilies, the subfamilies themselves do not necessarily need to be 
monophyletic, but all taxa within the combined subfamilies should be separated from all other 
taxa to constitute a matching bipartition, and thus to be a supported clade in the gene tree. 
For a clade to be well supported, we expect matching bipartitions for a majority of gene trees. 
For clades to be poorly supported, we expect gene trees to be either uninformative due to low
phylogenetic signal or to contain significant conflicting bipartitions, hence relatively low 
numbers of matching bipartitions. All counts were done for ML gene trees of RT homologs, 
and with 50 and 80% bootstrap cut-offs.
Results
The chloroplast alignment includes 72 protein-coding genes, for 157 taxa (including 111 
legume species; Table S1), with a total aligned length of 75,282 bp or 25,094 amino acid 
residues. From transcriptomes and fully sequenced genomes, we gathered 9,282 
homologous nuclear encoded gene clusters for 76 taxa including 42 legume species (Table 
S2). From these clusters, we extracted protein alignments of 1,103 1-to-1 orthologs for 
species tree inference with a total aligned length of 325,134 amino acids when concatenated, 
and 7,621 Rooted Ingroup (RT) homologs for additional gene tree inference. The alignments, 
gene trees and species trees are available in TreeBASE (accession number XXXX) and on 
Dryad (Supplementary Data Files S1-10; doi: XXXX).
Inferring the species tree
Our analyses reveal that both the chloroplast and nuclear data sets resolve all 





(previous page) Figure 2. Phylogeny of legumes based on Bayesian analyses of 72 protein coding chloroplast 
genes under the CATGTR model in Phylobayes. (a) Majority-rule consensus tree of the amino acid alignment, 
showing only the Fabales portion of the tree, outgroup taxa pruned, (b) complete tree including outgroup taxa, 
(c) simplified tree showing support for subfamily relationships with different inference methods (ML = Maximum 
Likelihood, BI = Bayesian Inference) and sequence types (aa = amino acids, nt = nucleotides). Majority-rule 
consensus trees for both the amino acid and nucleotide alignments with tip labels for all taxa and support values 
indicated are included in supporting information (Figs S1-2).
also robustly resolved (Figs 2, 3, 4 & S1-7), with the notable exception of the root node. The 
clade consisting of Papilionoideae, Caesalpinioideae and Dialioideae is recovered in all 
analyses, with Duparquetia as the sister-group to this clade as inferred from chloroplast data. 
Duparquetia is not sampled for nuclear data, therefore transcriptome or genome sequencing 
is necessary for this taxon to confirm the relationship found by chloroplast data. The root node
of the legume family is more difficult to resolve, and the chloroplast and nuclear data sets 
estimate conflicting topologies. The chloroplast alignment weakly supports Cercidoideae as 
sister to the rest of the family (Figs 2c & S1-S4), except the Bayesian analysis of nucleotide 
sequences. To resolve deep divergences, amino acid sequences are more suitable because 
they are less saturated with substitutions (silent substitutions are absent), and therefore less 
prone to long branch attraction (LBA). Additionally, the LG4X and CAT models better account 
for heterogeneous substitution rates across sites in the alignment (Lartillot & Philippe, 2004; 
Le et al., 2012). Taken together, this suggests that the sister-group relationship of 
Cercidoideae with the rest of the family is the most likely rooting as inferred from chloroplast 
data, but given the low BS values and lack of resolution in the Bayesian analysis of nucleotide
sequences, phylogenetic signal in the chloroplast data with regards to the root node appears 
to be limited. 
In contrast to the chloroplast phylogeny, in all analyses of the 1,103 nuclear 1-to-1 
orthologs, we recover a sister-group relationship between Cercidoideae and Detarioideae, 
with this clade sister to the clade comprising Dialioideae, Caesalpinioideae and 
Papilionoideae (note that Duparquetioideae is not sampled) (Figs 3, 4 & S5-7). We inferred a 
ML tree of the concatenated alignment with the LG4X model, and calculated Internode 
Certainty All (ICA) values from bootstrapped gene trees on this topology (Fig. 3 & S5), for 
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which only gene tree bipartitions that received at least 80% BS were considered. The 
internode certainty metric was introduced to assess phylogenetic conflict among loci and 
identify internodes with high certainty, particularly in phylogenomic studies where bootstrap 
values are often inflated (Salichos & Rokas, 2013). The sister-group relationship between 
Cercidoideae and Detarioideae is well-supported, receiving an ICA value of 0.85. A Bayesian 
jackknifing analysis with the CATGTR model infers a nearly identical topology to the ML 
topology (Fig. 4a & S6), with posterior probability of 0.91 in support of this same relationship. 
The multi-species coalescent species-tree inferred with ASTRAL (Mirarab et al., 2014), which 
accounts for incomplete lineage sorting (ILS), is also consistent with that relationship (Fig. 4b 
& S7), with the Cercidoideae/Detarioideae clade supported by a local posterior probability of 
0.95 (Sayyari & Mirarab, 2016). In summary, all analyses of nuclear protein alignments lend 
strong support for a sister-group relationship between Cercidoideae and Detarioideae. 
While not the primary focus of this study, it is worth noting that the deep-branching 
relationships inferred within subfamilies are mostly congruent with those found in previous 
analyses based on only one or two chloroplast markers (Bruneau et al. 2008; Cardoso et al. 
2012, 2013; LPWG 2017), and although taxon sampling remains sparse, our data add further 
resolution (Figs 2,3 & S1-7). The chloroplast matrix has better sampling within subfamilies 
and a few notable relationships are inferred (Suppl. Figs S1-S4): the Cassia and Caesalpinia 
clades are not sister clades as recovered by Bruneau et al. (2008) and Manzanilla & Bruneau 
(2012), but instead form successive sister-groups to the clade comprising mimosoids and 
genera of the Dimorphandra group and the Peltophorum and Tachigali groups; the Swartzieae
(represented here by Swartzia emarginata) are sister to the rest of the Papilionoideae as was 
also recovered by Pennington et al. (2001), not the ADA clade (represented here by 
Xanthocercis zambesiaca) as inferred (albeit with low support) by Cardoso et al. (2013). Also, 
a novel sister-group relationship between genistoids s.l. and dalbergioids s.l. is found in the 
chloroplast phylogeny and concatenated nuclear analyses (Suppl. Figs S1-S6), a relationship 
not present in previous analyses (Lavin et al., 2005; Cardoso et al., 2013). These results 
demonstrate the importance of evaluating previously inferred legume relationships with 
genome-scale data, something that is already being addressed in phylogenomic studies of 
several of the five non-monotypic subfamilies.
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Figure 3. Maximum Likelihood phylogeny of legumes estimated with RAxML under the LG4X model from a 
concatenated alignment of 1,103 nuclear orthologs. Internode Certainty All (ICA) values are indicated with 
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coloured symbols on nodes for simplicity of presentation, see Figure S5 for actual support values for all nodes. 
For the first four divergences in the legume family, pie charts indicate the proportions of gene trees supporting 
the relationship shown (blue), supporting the most prevalent conflicting bipartition (yellow), supporting other 
conflicting bipartitions (red) and uninformative genes (i.e. no bootstrap support (BS) and/or missing relevant 
taxa; grey). Numbers of bipartitions for the pie charts are derived from Phyparts analyses with a 50% BS filter. 
Labelled nodes A-H are analysed in more detail in Figure 6. 
Figure 4. Bayesian and multi-species coalescent analyses yield congruent relationships, identical to those in 
Fig. 3 obtained with ML analyses on nuclear data. (a) Bayesian gene jackknifing majority-rule consensus tree of 
concatenated alignments of c. 220 genes per replicate, support indicated with coloured symbols on nodes 
represents posterior probability averaged over 25 replicates for 500 posterior trees each (in total 12,500 
posterior trees). (b) Phylogeny estimated under the multi-species coalescent with ASTRAL from ML gene trees, 
support indicated with coloured symbols on nodes represents local posterior probability. Pie charts show relative 
quartet support for the first (blue) and the two (yellow and red) alternative quartets. P-values for the polytomy 
test are given for nodes B, E and F (see Fig. 3) below the respective pie charts for those nodes, significance (p-
value ≤ 0.05) is indicated with an asterisk. See Figures S6 and S7 for phylogenetic trees with all posterior 
probability and quartet support values indicated.
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The SplitsTree network (Fig. 5) shows relationships that are largely in line with the 
nuclear species tree, but is not entirely tree-like, including along the backbone of the family 
where edge lengths are shorter than elsewhere in the network.
Figure 5. Filtered supernetwork inferred from the 1,103 1-to-1 orthologs, with extremely short internal edges 
around the origin of the legumes, highlighting their near-simultaneous divergence.
Evaluation of gene tree support and conflict
While the chloroplast and nuclear phylogenies show a different topology with regard to 
the first two dichotomies within legumes, all the ML, Bayesian and multi-species coalescent 
analyses of the nuclear data yield the same topology at the base of the family (Figs 3 & 4), 
showing a sister-group relationship of Cercidoideae and Detarioideae and a clade comprising 
the remaining three sampled subfamilies as their sister clade. Because the nuclear data set 
comprises 1,103 unlinked loci sampled from across the nuclear genome, while the 
recombination-free chloroplast genome constitutes just a single locus, the nuclear topology 
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should be considered as a more realistic estimate of species tree topology. However, when 
evaluating gene tree conflict, it is clear that many conflicting bipartitions exist, with the most 
prevalent being nearly as frequent across gene trees as compatible bipartitions (pie charts in 
Fig. 3). The quartet support calculated by ASTRAL is also low (37%, with alternative quartet 
supports 33% and 30%; pie charts in Fig. 4b). The relationships among the remaining three 
sampled subfamilies are also supported by significantly fewer bipartitions and lower quartet 
support than for example the legume crown node (pie charts in Figs 3 & 4b). 
Rather than relying solely on ICA and quartet support values, we sought to evaluate in 
a more intuitive way how much support and conflict there is among gene trees for the deepest
divergences in the legume family. For nodes labelled A-H in Figure 3, we counted how often a
bipartition that is equivalent to that node in the species tree is encountered across gene trees,
and how often those bipartitions received at least 50 or 80% BS. We did this on all RT 
homologs (n=7,621) in which all subfamilies and the outgroup were represented by at least 
one taxon, leading to 3,473 gene trees being considered. This shows that the legume family 
as a whole (node A), and the four subfamilies for which more than one taxon was sampled 
(nodes C, D, G and H), are all found to be monophyletic across the majority of gene trees 
(Fig. 6a & Table S3), and those bipartitions mostly receive at least 50 or 80% BS (Fig. 6a). 
Nodes B, E and F, that is, the relationships among the subfamilies, are recovered in many 
fewer gene trees, especially when considering only bipartitions with at least 50 or 80% BS. 
Expressing these differences in percentages of the total number of gene trees (n=3,473), this 
difference becomes especially stark, with nodes A, C, D, G and H receiving at least 80% BS 
in 33.14% – 74.43% of gene trees, while the same level of BS is found in only 1.38%, 2.62% 
and 1.21% of gene trees for nodes B, E and F, respectively. For these latter three nodes, we 
checked how often the most important conflicting bipartitions were present (Figs 6b-d & Table 
S3). These conflicting bipartitions are each less prevalent than those found by the 
concatenated ML and Bayesian analyses as well as by ASTRAL. This confirms that the 
recovered topology represents the relationships among legume subfamilies that is supported 
by the largest fraction of the genomic data used here, despite lack of phylogenetic signal 
across these nodes (Fig. 3) and significant and well-supported gene tree conflict, especially 
surrounding the root of the legumes (Fig. 6b).
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Figure 6. Leguminosae and its subfamilies are each supported by a large fraction of gene trees, in contrast to 
relationships among the subfamilies. (a) Prevalence of bipartitions that are equivalent to nodes A-H (see Fig. 3), 
among the 3,473 gene trees inferred from the RT homolog clusters (including 1-to-1 orthologs) in which all five 
subfamilies and the outgroup were included. Numbers of bipartitions are shown as counted from the best-scoring
ML gene trees as well as taking only bipartitions with ≥50% and ≥80% bootstrap support (BS) into account, as 
indicated in the legend. (b-d) Prevalence of bipartitions for nodes B, E and F plotted next to the most common 
alternative bipartitions. The locations of the stars in the illustrations indicate the internodes of the phylogeny that 
are equivalent to the bipartitions for which counts are plotted below, as counted from the ML estimates and for 




Resolving the deep-branching relationships in the Leguminosae
Previous phylogenetic studies aimed at resolving deep relationships in legumes have 
relied on only a few chloroplast markers (Doyle et al., 1997; Wojciechowski et al., 2004; Lavin
et al., 2005; Bruneau et al., 2008; LPWG, 2017), but here we show that even 72 protein-
coding genes from the chloroplast genome fail to consistently resolve the root node with high 
support (Fig. 2c). Furthermore, substitution rate variation as evident from branch length 
disparity among legume subfamilies (Fig. 2b) (as previously shown for matK and rbcL by 
Lavin et al. (2005)), implies that while the chloroplast genome may be a useful marker to 
resolve relationships within Papilionoideae (particularly within the 50Kb-inversion clade), it is 
of limited use in other subfamilies, particularly Caesalpinioideae (Fig. 2a). Clearly, moving 
beyond the chloroplast genome and analysing nuclear gene data is necessary to improve 
phylogenetic hypotheses for the legume family, as found for other parts of the plant tree of life
where chloroplast data have proven insufficiently informative (e.g. to resolve 
Mesangiosperms; Moore et al., 2010; Li et al., 2019). Nuclear data are also essential to detect
ILS and/or introgression. Using nuclear gene data, we recovered a best-supported topology 
for the subfamily relationships that is different from the weakly supported chloroplast topology,
and also quantify the strength of phylogenetic signal for alternative topologies.
Our results show that the difficulty of obtaining resolution for deep divergences in the 
legume family is in part caused by lack of phylogenetic signal in the chloroplast genome and a
large fraction of the sampled nuclear genes (pie charts in Fig. 3), with too few substitutions 
having accumulated along the deepest short internodes, leading to only a small fraction of the
gene trees showing strong support (≥80% BS) for relationships among these (Fig. 6 & Table 
S3). However, for a significant proportion of those genes that do have sufficient phylogenetic 
signal, we find strongly supported conflicting evolutionary histories. Putting aside 
methodological issues such as poor orthology inference for a number of genes, this conflict is 
likely to be caused by incomplete lineage sorting (ILS) (Pamilo & Nei, 1988; Maddison, 1997).
Indeed, strong gene tree conflict caused by ILS is thought to be relatively common when 
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internodes are short due to rapid diversification and this provides an explanation as to why 
many relationships are contentious at all taxonomic levels (e.g. Pollard et al., 2006; Suh et al.,
2015; Moore et al., 2017; but see Scornavacca & Galtier (2017) and Richards et al. (2018)).
Taken together, this could suggest that a fully bifurcating tree is not a good 
representation of the initial radiation of the legumes. As we show here, genes have many 
different evolutionary histories across the early divergences of legumes (Table S3), while the 
species tree merely represents the dominant evolutionary history. In the case of complete lack
of phylogenetic signal, or equally prevalent conflicting evolutionary histories without a single 
dominant one, this would constitute a hard polytomy, implying (nearly) instantaneous 
divergence of three or more lineages, as demonstrated for Neoaves (Suh, 2016). In the 
legumes, there does appear to be one dominant evolutionary history in the relationships 
among subfamilies supported by a larger fraction of gene trees (Fig. 6), suggesting that the 
deep-branching relationships can be represented by a fully bifurcating topology. A hard 
polytomy at the root node of the legumes is also rejected by ASTRAL, but the same test did 
not reject a polytomy among Dialioideae, Caesalpinioideae and Papilionoideae. This is 
surprising since the relationships among these have been recovered in previous studies 
(Bruneau et al., 2008; LPWG, 2017), and are recovered here in all our analyses (Figs 2-4 & 
S1-S7) with high support in most of these (Figs 2c, 4a & S1-S4, S6). The bipartition counts 
(Fig. 6d) also suggest that a hard polytomy can likely be rejected for the relationships among 
these three subfamilies. However, the ICA value for a sister-group relationship of 
Caesalpinioideae and Papilionoideae is lower than for Cercidoideae and Detarioideae (0.70 
vs 0.85) and support is even weaker in the ASTRAL analysis (0.58 pp). Since the levels of 
conflict are similar to that for the root of the legumes (Figs 6b & d), the lower support and 
failure to reject a polytomy may be caused by deeper gene coalescences than for the 
Cercidoideae/Detarioideae clade and/or introgression via hybridization shortly after 
divergence. Perhaps with denser taxon sampling, in particular for Dialioideae for which only 
one species was sampled here, it will be possible to reject a hard polytomy across this clade. 
A further complication potentially affecting phylogeny reconstruction is the occurrence 
of whole genome duplications (WGDs) in the early evolution of the legumes (Cannon et al., 
2015; Stai et al., 2019). This could lead to issues with ortholog detection or artefactual 
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inferences due to sub- or neofunctionalization of paralog copies independently in different 
lineages in the case of shared polyploidy among (some of) the subfamilies. However, Cannon
et al. (2015) and Stai et al. (2019) inferred that only independent WGDs occurred in each of 
the subfamilies, suggesting that these issues should have minimal effect on the relationships 
among subfamilies. While the homolog trees inferred here during the ortholog selection 
procedure are suitable to test the placements of WGDs on the phylogeny, this is beyond the 
scope of this study and will be addressed elsewhere (Koenen et al., in prep.).
Implications for our understanding of the evolution of legume diversity and traits
Regardless of whether hard polytomies can be rejected or not, the lack of phylogenetic
signal and significant conflict among gene trees at the base of the legumes are indicative of 
rapid successive divergences. This near-simultaneous divergence of the six main lineages of 
legumes is highly relevant to our understanding of the evolution of legume diversity and the 
appearance of key traits. Over the last few decades, the prevailing characterization of legume
evolution has been that of mimosoids and papilionoids as derived clades that evolved from a 
paraphyletic grade of caesalpinioid legumes (e.g. LPWG, 2013a). This led to the misplaced 
characterization of several caesalpinioid lineages as in some way “basal” or “early-diverging” 
(see LPWG, 2013a and references therein). Such characterisations are commonly made, but 
are in fact phylogenetic misinterpretation, given that basal nodes are ancestral nodes and at 
each bifurcating node two sister-groups diverge from each other concurrently, neither of them 
earlier (Crisp & Cook, 2005). Species-poor successive sister-groups of species-rich clades 
are often mistakenly referred to as basal or early-diverging, and this appears also to have 
been the case in legumes, where the mimosoids and papilionoids have (vastly) more species 
than other lineages such as Cercidoideae, Detarioideae, Duparquetioideae and Dialioideae. 
This can lead to the erroneous assumption that lineages such as Cercidoideae, Detarioideae, 
Duparquetioideae and Dialioideae have retained more ancestral traits than the species-rich 
mimosoid and papilionoid clades (Crisp & Cook, 2005). 
Moreover, we show that the branching order among the subfamilies is rather 
insignificant, with short internodes, conflicting relationships across gene trees and long stem 
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lineages subtending each subfamily, which is particularly well visualized in the SplitsTree 
supernetwork (Fig. 5). This evidence for near-simultaneous divergence of the six subfamilies 
provides an additional argument to abandon the idea of “early-diverging” lineages in legumes.
Given that the stem lineage of the family is also rather long, most trait evolution likely 
occurred along the long legume and subfamily stem branches, rather than derived legume 
traits having evolved in a stepwise fashion across the first divergences in the family. In 
comparative analyses, the branching order among subfamilies is unlikely to be meaningful 
and it should be effectively considered as a polytomy with respect to trait evolution. We 
therefore suggest that typical legume traits evolved along the stem lineage of the family and 
were shared by the earliest stem-relatives of each subfamily, i.e. the earliest stem-relatives of 
each subfamily probably had similar traits. 
Over the past decade, there was a strong debate regarding into how many and which 
subfamilies the legumes should be classified (LPWG 2013b, 2017). That legumes seem to 
consist of six (nearly) simultaneously originating lineages strongly supports the outcome of 
the debate which resulted in the recognition of six legume subfamilies (LPWG, 2017).
This view of near simultaneous divergence of subfamilies also suggests that many of 
the traits shared across legume subfamilies (LPWG (2017): Table 1) could be plesiomorphic, 
having been independently lost or modified in some subfamilies and retained in others. An 
alternative hypothesis is that these traits are not ancestral to all legumes and have evolved 
independently in different lineages, leading to homoplasy. Somewhat intermediate is the 
hypothesis of a shared cryptic precursor trait that can lead to deep homology, where similar 
traits evolved independently from a shared genetic basis (Shubin et al., 2009; Scotland, 
2010). For instance, this could potentially explain the homoplasious distribution of extra-floral 
nectaries across legumes (Marazzi et al., 2012), which are present in several subfamilies but 
are different in structure and location, casting doubt on a single origin and prompting the 
possibility of a shared genetic precursor (Marazzi et al., 2012 & in press). 
However, the precursor trait hypothesis may be motivated more by the notion that 
massive parallel loss of a trait is less parsimonious than assuming a few more independent 
gains. For instance, the evolution of nitrogen fixation in root nodules, a trait that is especially 
prominent in legumes, has been suggested to be driven by a cryptic precursor trait in the 
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nitrogen-fixing clade of angiosperms (Werner et al., 2014), with five independent gains in 
legumes, within subfamilies Caesalpinioideae and Papilionoideae, being most parsimonious 
(Doyle, 2016). Recent genomic evidence, however, supports the scenario of a single origin 
shared by the whole of the nitrogen-fixing clade of angiosperms, with massive parallel losses 
in each of the four subclades (the orders Cucurbitales, Fabales, Fagales and Rosales) of the 
nitrogen-fixing clade (van Velzen et al., 2018a; Griessmann et al., 2018). Such a scenario 
suggests that the legume ancestor was also a nodulator, and given the rapid successive 
speciation associated with the initial divergence of legumes documented here, that stem 
relatives of all subfamilies likely also had the ability to nodulate, but that nodulation was 
presumably lost in parallel along the long stem lineages or early in the crown group 
divergences of Cercidoideae, Detarioideae, Duparquetia and Dialioideae, in which no 
nodulating species are known. Finding out when and why nodulation has apparently been lost
in all but two of the legume subfamilies will be important for understanding the causes of 
massive parallel loss of nodulation in the nitrogen-fixing clade of angiosperms (van Velzen, 
2018b).
Examples of other traits that are either plesiomorphic or homoplasious among and/or 
within subfamilies include: wood with vestured pits (also present in some Polygalaceae; 
Jansen et al., 2001) and absent in Cercidoideae, Duparquetia and most Dialioideae (LPWG, 
2017)); ectomycorrhizal symbiosis (known to occur in Detarioideae, Caesalpinioideae and 
Papilionoideae (Smith et al., 2011)); and floral symmetry which is variable across all non-
monotypic subfamilies (Cardoso et al., 2013; LPWG, 2017; Ojeda et al., 2019). These and 
other traits are candidates for comparative (genomic) analyses based on the new 
phylogenetic framework presented here, to test the hypothesis that several legume traits are 
ancestral with multiple independent losses rather than independent gains.
Finally, it is clear that the lack of resolution among the six legume subfamilies is also 
relevant for inferring the placements of WGDs and reconstructing the ancestral legume 
genome. For example, the recent suggestion by Stai et al (2019) that Cercis could represent 
the genome duplication status of the ancestral legume, is in part based on placement of 
Cercidoideae as sister to the rest of the legumes, which we show is poorly supported in the 




In this study, we present some of the first phylogenetic analyses using genome-scale 
data for the Leguminosae, sampling representatives of all six subfamilies. While our results 
show overwhelming support for monophyly of the family and each of the five non-monotypic 
subfamilies, there is both a paucity of phylogenetic signal and strongly conflicting signals 
across gene trees regarding relationships among them. This suggests that the six main 
lineages of legumes originated in quick succession, or nearly simultaneously, with significant 
implications for understanding the evolution of legume diversity and traits.
We also show that it is essential in phylogenomic studies to explicitly evaluate 
conflicting phylogenetic signals across the genome. By taking into account alternative 
topologies with high BS across gene trees (Fig. 6), the phylogenomic complexity of the initial 
radiation of the legumes is revealed. More generally, this study adds to an increasing 
understanding of the limits to phylogenetic resolution, highlighting the role of rapid successive
deep divergences in causing lack of phylogenetic signal and gene tree conflict across the 
Tree of Life.
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Abstract – The consequences of the Cretaceous-Paleogene (K-Pg) boundary (KPB) 
mass extinction for the evolution of plant diversity remain poorly understood, even 
although evolutionary turnover of plant lineages at the KPB is central to understanding 
the assembly of the Cenozoic biota. One aspect that has received considerable 
attention is the apparent concentration of whole genome duplication (WGD) events 
around the KPB, which may have played a role in survival and subsequent 
diversification of plant lineages. In order to gain new insights into the origins of 
Cenozoic biodiversity, we examine the origin and early evolution of the legume family 
(Leguminosae or Fabaceae), which with c. 20.000 species, is the third largest family of 
Angiospermae, that rose to prominence after the KPB and for which multiple WGD 
events are hypothesized to have occurred early in its evolution. Using a recently 
inferred phylogenomic framework for the family, we investigate the placements of 
WGDs during the early evolution of the legumes using gene tree reconciliation methods,
gene count data and phylogenetic supernetwork reconstruction. Using a set of 20 fossil 
calibrations we estimate a revised timeline of legume evolution based on 36 genes 
selected as informative and evolving in an approximately clock-like fashion. To establish
the timing of WGDs we also date duplication nodes in gene trees. Our results suggest 
that either a pan-legume WGD event occurred on the stem lineage of the family, or an 
allopolyploid event occurred along the backbone of the family, with additional nested 
WGDs subtending subfamilies Papilionoideae and Detarioideae. Gene tree 
reconciliation methods that do not account for allopolyploidy may be misleading in 
inferring an earlier WGD event at the time of divergence of the two parental lineages of 
the polyploid, suggesting that the allopolyploid scenario is more likely. We show that the 
crown age of the legumes dates back to the Maastrichtian or early Paleocene and that, 
apart from the detarioid WGD, paleopolyploidy occurred close to the KPB. We conclude 
that the origin and early evolution of the legumes followed a complex history, in which 
multiple auto- and/or allopolyploidy events coupled with rapid diversification are 
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associated with the mass extinction event at the KPB, ultimately underpinning the 
evolutionary success of the Leguminosae in the Cenozoic.
Keywords: Cretaceous-Paleogene (K-Pg) boundary, Leguminosae, Fabaceae, Whole 
Genome Duplication events, paleopolyploidy, allopolyploidy, phylogenomics
The Cretaceous-Paleogene (K-Pg) boundary (KPB), 66 Million years ago (Ma), is
defined by the mass extinction event that famously killed the non-avian dinosaurs and 
led to major turnover in the earth's biota. The Chicxulub meteorite impact is generally 
thought to have been the cause of the mass extinction, but Deccan trap flood basalt 
volcanism likely contributed or may have been the primary cause, in line with previous 
global mass extinctions that are all related to volcanism (Keller, 2014). The KPB event 
determined in significant part the composition of the Earth’s modern biota, because 
many lineages that were successful in repopulating the planet and diversifying in the 
wake of the KPB, have remained abundant and diverse throughout the Cenozoic until 
the present. Probably the best-known examples of successful post-KPB lineages are 
the mammals and birds, both inconspicuous elements of the Cretaceous fauna, while 
their core clades Placentalia and Neoaves became ubiquitous throughout Cenozoic 
fossil faunas. Plants were also severely affected by the KPB, with a clear shift in floristic
composition and a drop in macrofossil species richness of up to 78% reported across 
boundary-spanning fossil sites in North-America (Wilf and Johnson, 2004; McElwain 
and Punyasena, 2007; Vajda and Bercovici, 2014). In addition, a global fungal spike 
followed by a global fern spike in the palynological record (Vajda et al., 2001; Barreda et
al., 2012) are consistent with sudden KPB ecosystem collapse and a recovery period 
characterized by low diversity vegetation dominated by ferns. Although the KPB is not 
considered a major extinction event for plants, as no plant family appears to have been 
lost at the KPB (McElwain and Punyasena, 2007; Cascales-Miñana and Cleal, 2014), a 
sudden increase in net diversification rate in the Paleocene has been inferred from a 
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large paleobotanical data set (Silvestro et al., 2015), suggesting increased origination 
following the KPB.
Macro-evolutionary dynamics of plant clades across the KPB extinction event 
have received less attention than prominent vertebrate clades, even though plants are 
the main primary producers and structural components of terrestrial ecosystems, such 
that the shaping and diversification of the Cenozoic biota cannot be fully understood 
without understanding the consequences of the KPB for evolutionary turnover of plant 
diversity. One aspect of plant evolution in relation to the KPB that has been investigated
is the apparent concentration of whole genome duplication (WGD) events around the 
KPB (Fawcett et al., 2009; Vanneste et al., 2014; Lohaus and Van de Peer, 2016; but 
see Cai et al., 2019). This is explained by the idea that polyploid lineages could have 
had enhanced survival and establishment across the KPB (Lohaus and Van de Peer, 
2016) as well as greater potential to diversify rapidly thereafter relative to diploids (Levin
and Soltis, 2018). Recent work is revealing the prevalence and significance of WGDs  in
shaping the evolution of the flowering plants (Wendel, 2015; Soltis et al., 2016; Yang et 
al., 2018; Cai et al., 2019; Conover et al., 2019). Determining the phylogenetic 
placements of WGDs and estimating their timing is a central issue in plant systematics, 
but remains challenging, with different lines of evidence yielding conflicting results, such
that many WGDs remain contentious and poorly understood (e.g. Conover et al., 2019).
We examine the role of the KPB in shaping Cenozoic plant diversity by 
investigating the origin and early evolution of the legume family, including the placement
and timing of early legume WGDs. The legume family (Leguminosae or Fabaceae), 
perhaps more than any other plant clade, appears to parallel Placentalia and Neoaves. 
No clearly identifiable legume fossils are known that pre-date the KPB (Herendeen and 
Dilcher, 1992), but the family was already abundant and diverse in one of the earliest 
examples of modern type rainforests in the Paleocene (Wing et al., 2009; Herrera et al., 
in press). The oldest known fossils that are clearly referable to (stem groups of) 
subfamilies are from close to the Paleocene-Eocene Thermal Maximum (PETM) 
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(morphotype # CJ76 of c. 58 Ma (Wing et al., 2009) can be referred to Caesalpinioideae
and Barnebyanthus buchananensis of c. 56 Ma to Papilionoideae (Crepet and 
Herendeen, 1992)) and legumes are a ubiquitous element of many Eocene, Oligocene 
and Neogene floras (Herendeen and Dilcher, 1992). Today, it is the third most species-
rich angiosperm family, and arguably the most spectacular evolutionary and ecological 
radiation of any angiosperm family (McKey, 1994). The six main lineages of the legume 
family, recently recognized as subfamilies in a new classification (LPWG, 2017), 
apparently diverged nearly instantaneously (Koenen et al., submitted), mirroring 
Placentalia (Teeling and Hedges, 2013) and Neoaves (Suh et al., 2015; Suh, 2016).
The apparent rapid diversification of the legumes soon after the KPB, and the 
occurrence of multiple WGDs during their early evolution (Cannon et al., 2015; Stai et 
al., 2019), make the family an excellent model to investigate the possible association of 
WGDs with the KPB. However, there is uncertainty about how many WGDs were 
involved in the early evolution of legumes and their phylogenetic placements. From 
whole genome sequencing studies, it is well established that several taxa in subfamily 
Papilionoideae share a WGD event (Mudge et al., 2005; Cannon et al., 2006). Using 
gene tree topologies, this Papilionoideae WGD has subsequently been shown to be 
most likely shared among the whole subfamily and not with any of the other subfamilies,
for three of which independent WGDs where suggested (Cannon et al., 2015). More 
recently, independent WGDs were hypothesized to have occurred early in the evolution 
of the five subfamilies for which genomic data is available, where a WGD in 
Cercidoideae excludes the genus Cercis, the sister group to the rest of that subfamily 
(Stai et al., 2019). The more parsimonious explanations of a single WGD shared across 
all legumes, or across multiple subfamilies, remain to be tested using more fully 
sampled gene trees. Furthermore, understanding the placements of these early legume 
WGDs is complicated by the apparent near-simultaneous divergence of the six 
subfamilies (Koenen et al., submitted).
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Uncertainty also surrounds the age of the legume family. While the legumes are 
not known with certainty from any Cretaceous fossil site, the family has a long stem 
lineage dating back to c. 80 – 100 Ma (Wang et al., 2009; Magallón et al., 2015). This 
long ghost lineage means that the timing of the initial radiation of the family, as well as 
of legume WGDs, and notably whether they pre- or post-date the KPB, are uncertain. In
Placentalia and Neoaves, divergence time estimation has been much debated, with 
some studies using molecular sequence data for divergence time estimation suggesting
that both clades originated and diversified well before the KPB, implying that many 
lineages of both clades survived the end-Cretaceous event (Cooper and Penny, 1997; 
Jetz et al., 2012; Meredith et al., 2011). However, like the legumes, both groups first 
appear in the Paleocene fossil record. A phylogenetic study of mammals combining both
molecular sequence data and morphological characters to enable inclusion of fossil 
taxa, found only a single placental ancestor crossing the KPB (O’Leary et al., 2013; but 
see Springer et al., 2013; dos Reis et al., 2014). Alternatively, it has been argued that 
diversification of Placentalia followed a “soft explosive” model, with a few lineages 
crossing the KPB followed by rapid ordinal level radiation during the Paleocene (Phillips,
2015; Phillips and Fruciano, 2018). Recent time-calibrated phylogenies for birds showed
the age of Neoaves to also be close to the KPB (Jarvis et al., 2014; Claramunt and 
Cracraft, 2015; Prum et al., 2015), with initial rapid post-KPB divergence represented by
a hard polytomy (Suh, 2016). For legumes, it is similarly unlikely that the modern 
subfamilies have Cretaceous crown ages. These clades, in particular Papilionoideae, 
Caesalpinioideae and Detarioideae, appear to have rapidly diversified following their 
origins, which would imply mass survival of large numbers of legume lineages across 
the KPB. Furthermore, diversification into the six main lineages of legumes appears to 
have occurred rapidly (Lavin et al., 2005), indeed nearly simultaneously (Koenen et al., 
submitted), with long stem branches leading to each of the modern subfamilies. 
Therefore, two hypotheses seem plausible: (1) the legumes have a Cretaceous crown 
age and diversified into the six subfamilies prior to the KPB, while crown radiations of 
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the subfamilies occurred (shortly) after the mass extinction event, corresponding to a 
“soft explosive” model, or (2) a single legume ancestor crossed the KPB and rapidly 
diversified into six main lineages in the wake of the mass extinction event, 
corresponding to a “hard-explosive” model, with the subsequent subfamily radiations 
related to the Paleocene-Eocene Thermal Maximum (PETM) and/or Eocene climatic 
optimum. Currently available molecular crown age estimates for the family range from c.
59 to 64 Ma (Lavin et al., 2005; Bruneau et al., 2008; Simon et al., 2009). These 
studies, however, lacked extensive sampling of outgroup taxa and relied instead on 
fixing the stem age of the legumes, thereby compromising the ability to estimate the 
crown age. Furthermore, these earlier studies relied exclusively on chloroplast 
sequences, for which evolutionary rates are known to vary strongly across legumes 
(Lavin et al., 2005), such that nuclear gene data are likely to be better suited for 
estimating divergence times (Christin et al., 2014).
In this study, we evaluate the number of WGDs during the early evolution of the 
legumes and whether one or more of them are shared across multiple subfamilies. We 
use gene tree reconciliation methods to identify the most likely placements of WGDs 
along the legume backbone and test these placements with a probabilistic method using
gene count data. We also evaluate the possibility of allopolyploidy involving one or more
lineages with phylogenetic supernetwork reconstruction and gene tree reconciliation 
with multi-labeled (MUL) trees. Secondly, we evaluate whether the origin of the legumes
and WGDs during the early evolution of the family are closely associated with the KPB 
by inferring a new legume chronogram based on 36 informative and relatively clock-like 
nuclear genes and 20 fossil calibration points, as well as assessing the timing of 
duplication nodes in gene trees. More generally, this study addresses important 
questions surrounding the links between and consequences of WGDs and the KPB for 
the evolution of Cenozoic flowering plant diversity and the complications of 






We used sets of homolog clusters generated prior to extracting orthologs for 
species tree inference using the Yang and Smith (2014) pipeline, based on a nuclear 
gene dataset derived from genome and transcriptome sequences for representatives of 
five of the six legume subfamilies and a large set of eudicot outgroups assembled by 
Koenen et al. (submitted). Taxon occupancy for each of the analyses described below is
included in Table S1. These homolog clusters include multiple sequences per taxon 
representing paralogs for non-terminal gene duplications, such that duplications that are
restricted to a terminal taxon are not included. The clusters were aligned with MAFFT v. 
7.187 (Katoh and Standley, 2013) using the G-INSi algorithm. All sites with more than 
5% missing data were removed with BMGE (Criscuolo et al., 2010) and all sequences 
with more than 75% gaps were removed, to avoid having fragmented paralog 
sequences present, which could inflate the number of gene duplications. These data 
removal steps also led to the elimination of clusters with large amounts of missing data. 
Tree estimation was then repeated on these clusters, with RaxML v. 8.2 (Stamatakis, 
2014) using the WAG + G model and 100 rapid bootstrap replicates.
Mapping of Gene Duplications
 From the homolog trees, we extracted rooted clades to use as input gene trees 
for gene duplication mapping analysis with Phyparts (Smith et al., 2015). This method 
counts for each node the number of gene trees in which at least two descendent taxa 
are represented by at least two paralogous sequences. Aquilegia and Papaver were 
used as outgroup taxa to root and extract the paralog clades. Phyparts was run with and
without a 50% bootstrap cut-off.
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Apart from the relatively simple Phyparts method, we performed gene tree 
reconciliation with a model of gene duplication and loss (horizontal transfers were not 
considered) using Notung v 2.9 (Stolzer et al., 2012) on the rosid portion of the species 
tree. Notung can account for ILS when using non-binary trees (i.e. trees with 
polytomies), therefore we introduced three polytomies for unsupported nodes in the 
species tree (at the base of Fabales and two small clades within Caesalpinioideae and 
Papilionoideae). Additionally, an analysis was run with the complete legume backbone 
collapsed to a polytomy, since ILS has likely occurred among the first divergences in the
family (Koenen et al., submitted). The input gene trees were extracted from the homolog
clusters as for the Phyparts analysis, but with all non-rosid taxa as the outgroup, such 
that the older Pentapetalae hexaploidization is not included in the analysis. First, we 
used the --rearrange option in Notung with an 80% bootstrap threshold such that poorly 
supported branches in the gene trees are rearranged according to the relationships 
found in the species tree. This has the drawback that in the case of missing data or 
duplicate gene loss, some genuine gene duplications with lower support are reconciled 
to a more inclusive clade. However, without performing this rearrangement step, we 
found that many more gene duplications were inferred across all nodes in the tree, 
presumably in part caused by gene tree estimation errors. Next, we ran the 
reconciliation analysis in --phylogenomics mode and analysed the number of inferred 
duplications on each node of the tree. We set the cost of duplications at 10, and the 
cost of gene loss at 0.1 to avoid missing data from transcriptomes adding much to the 
reconciliation score. We also explored a range of other settings but the results did not 
change significantly.
Testing Placements of WGDs using Gene Count Data
We used the WGDgc package in R (Rabier et al., 2013) to test the hypothesized 
placements of WGDs from the Phyparts and Notung results. This is a probabilistic 
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method where the background gene duplication and loss rates are modelled by a birth 
and death process, while WGDs are added on specific branches of the species tree. 
Both the birth-death rates and the duplicate gene retention rates for WGDs are 
estimated with maximum likelihood and the likelihood of different configurations of 
WGDs on the species tree can be compared. We extracted gene count data from the 
rosid gene trees that were used in the Notung analysis, but removed Eucalyptus 
grandis and Punica granatum in order to have two large clades at the root. Several 
transcriptome accessions with relatively high levels of missing data were removed. The 
count data were filtered to include at least one copy in both main clades at the root and 
at least one copy in each of the five sampled legume subfamilies. Analyses were run on 
several different models with two, three or four different WGDs within the legume family.
The WGD that is shared by Salix purpurea and Populus trichocarpa is additionally 
modelled in all the analyses. Likelihood ratio tests (LRTs) were used to compare the 
most likely (nested) models with different numbers of WGDs. P values for the LRTs at 
different confidence levels are given in Rabier et al. (2013).
Gene Tree Reconcilation with Allopolyploidy
To visualize potential reticulation we have redrawn the filtered supernetwork 
(Whitfield et al., 2008) of Koenen et al. (submitted) with the Convex Hull method 
implemented in SplitsTree4 (Huson and Bryant, 2005). Potential branches in the 
species tree that could be involved in allopolyploidy for an analysis with GRAMPA 
(Gregg et al., 2017) were identified. Because the GRAMPA method is unable to infer 
multiple WGDs, we generated a filtered gene tree set that does not include duplications 
that stem from the previously identified independent events in Detarioideae and 
Papilionoideae so that these do not influence the reconciliation scores. To do this, we 
used the gene trees spanning the nitrogen-fixing clade generated for the WGDgc 
analysis and reduced Cercidoideae, Detarioideae and Papilionoideae to single 
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accessions (Bauhinia tomentosa, Anthonotha fragrans and Medicago truncatula, 
respectively), collapsing all duplications that are particular to these terminal taxa. An 
independent autopolyploidy event is not well established for Caesalpinioideae even 
though this subfamily showed a polyploid signal in Ks plots (Cannon et al., 2015). 
Therefore, we retained the four transcriptomes of Albizia julibrissin, Entada abyssinica, 
Inga spectabilis and Microlobius foetidus since they were well-represented in gene 
trees. In this way we could test whether polyploidy in Caesalpinioideae is likely derived 
from independent autopolyploidy or allopolyploidy, or instead by an earlier WGD that is 
shared with other subfamilies. For the gene tree set used for this analysis, we first 
calculated average bootstrap scores for each tree, after which trees with <50% average 
support were excluded.
Fossil Time-calibration Priors
Fossils used to calibrate molecular clock analyses on the species tree, as 
described below, are listed in Table 1 and discussed here.
Non-legume Eudicot Fossils – These were taken from Magallón et al. (2015) 
and are thoroughly discussed in the supplementary information of that article. The 
numbers listed in Table 1 match those used in the Supplementary Information Methods 
1 of Magallón et al. (2015). We have followed their fossil placements although our more 
limited taxon sampling means that some minimum ages are placed on deeper nodes. 
The only exception is the stem node of Fagales (calibration X14), which was here 
calibrated using the oldest fossil prior used by Xing et al. (2014). All minimum ages were
updated to the latest version of the Geologic Time Scale (v. 4.0; Gradstein et al., 2012). 
Legume Fossils – The selection of legume fossils used here for calibrating the 
divergence time estimation analyses differs from previous legume time tree studies 
(Lavin et al., 2005; Bruneau et al., 2008; Simon et al., 2009), both in the placement of 
fossils as well as in the minimum ages that some of these fossils represent. Calibrations
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Table 1. Fossil calibrations used in the divergence time analyses.
Calibrationa Definition Fossil Age (Ma)
eudicots
26 CG eudicots








Pentamerous flower with distinct 
calyx and corolla; USAb
100
48 SG Ericales








Dressiantha bicarpelata – flowers; 
USAb
89.8
112 CG Rosaceae Prunus wutuensis – fruits; Chinab 49.4
116 SG Cannabaceae
Aphananthe cretacea and Gironniera 
gonnensis – fruits; Germanyb
66
122 SG Juglandaceae Polyptera manningi – fruits; USAb 64.4
133 SG Populus
Populus wilmattae – leaves,
infructescences and fruits; USAb
37.8
X14 SG Fagales









Cercis parvifolia – leaves and C. 
herbmeyeri – fruits; USAf
36
Cg SG Bauhinia






Hymenaea mexicana – vegetative and 











same as G 53
Hg CG Amherstieae






Styphnolobium and Cladrastis – 
leaves and fruits; USAl
37.8
M2 SG Robinioid clade Robinia zirkelii – wood; USAm 33.9
Q SG Acacieae/Ingeae
Flattened polyads with 16 pollen grains; 
Brazil, Colombia, Cameroon and 
Egyptn
33.9
Q2 SG Acacia s.s. Polyads with pseudocolpi; Australiao 23
Z SG Caesalpinioideae Bipinnate leaves; Colombiap 58
CG = Crown group; SG = Stem group; Ma = Million years ago.
a numbers 26, 27, 38, 48, 94, 105, 112, 116, 122 and 133 refer to calibrations from Magallón et al. (2015) 
as listed in their Supplementary Information Methods S1; letters A, D, F, G, I2, M2 and Q refer to 
calibrations from Bruneau et al. (2008) and/or Simon et al. (2009)
b Magallón et al. (2015) and references therein
c prior set as normal with standard deviation of 1.0, and truncated between minimum and maximum 
bounds of 113 and 136 Ma, respectively
d Xing et al. (2014) and reference therein
e Brea et al. (2008)
f Jia and Manchester (2014)
g alternative prior 1 as used in FLC analysis with 8 local clocks
h Jacobs and Herendeen (2004)
i Poinar and Brown (2002)
j De Franceschi and De Ploëg (2003)
k Herendeen and Jacobs (2000)
l Herendeen (1992)
m Lavin et al. (2003) and references therein
n Simon et al. (2009): Supplementary Information and references therein
o Miller et al. (2013)
p Wing et al. (2009)
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Q2 and Z are used for the first time here. Calibrations A, D, F, G, I2, M2 and Q are 
labelled according to the schemes of Bruneau et al. (2008) and/or Simon et al. (2009), 
and differences from previous studies are discussed here. Other fossils used by 
Bruneau et al. (2008) and/or Simon et al. (2009) are not used here because of our 
sparser taxon sampling.
First, we did not fix the crown age of the family, which is critical as it is the most 
important node for which we want to estimate the age. The oldest definitive legume 
fossil, a fossil wood from the Early Paleocene of Patagonia (Brea et al., 2008), is used 
to set a minimum age on the stem node of the family at 63.5 Ma (calibration A, same 
node as in Bruneau et al. (2008) and Simon et al. (2009), but a new fossil and minimum 
age). This calibration is probably uninformative because of the long stem of the family, 
but it is included for completeness. The oldest crown group fossil, bipinnate leaves from 
the Late Paleocene of Colombia (Wing et al., 2009; Herrera et al., in press), is placed 
on the stem node of Caesalpinioideae with a minimum age of 58 Ma (calibration Z), a 
new calibration that has not been used in previous studies. This calibration renders the 
calibration of the stem of Papilionoideae (which is sister to Caesalpinioideae), with fossil
flowers of Barnebyanthus buchananensis from the Paleocene-Eocene boundary at 56 
Ma (Crepet and Herendeen, 1992), redundant.
We find the interpretation of some Early and Middle Eocene fossils, that were 
used in previous studies to calibrate lineages within crown group Cercidoideae and 
Detarioideae (Bruneau et al., 2008; Simon et al., 2009) to be problematic. Bruneau et al.
(2008: Table 3) already pointed out the large discrepancy in age estimates of 
Detarioideae between calibrated and non-calibrated analyses. Given that this subfamily 
has a very long stem lineage, placing Early to Middle Eocene fossils within the crown 
group would require very high inferred substitution rates along the stem lineage, while at
the same time implying a relatively low substitution rate for the Detarioideae crown 
group lineages (see Results). Cercidoideae are also subtended by a long stem lineage, 
leading to similar, although less severe substitution rate discrepancies than in 
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Detarioideae. We investigate and test this with molecular clock analyses with fixed local 
clocks, as described below. Here, we discuss the interpretation of these fossils as either
stem or crown relatives and how we have calibrated lineages from subfamilies 
Cercidoideae and Detarioideae.
Bauhinia-like bilobed leaves from the Eocene of Tanzania (c. 46 Ma) (Jacobs and
Herendeen, 2004) were used by Bruneau et al. (2008) and Simon et al. (2009) to 
calibrate the stem lineage of Bauhinia s.l.. This leaf type is highly characteristic for 
Cercidoideae and therefore the fossil is certainly representative of the subfamily. 
However, even though this type of leaf is not found in Cercis, which has been found to 
be sister to the rest of the genera in the subfamily (Bruneau et al., 2008; Wang et al., 
2018), it may not provide a strong apomorphy for crown group Cercidoideae. Leaves in 
Bauhinia s.l. are variously bifoliolate, bilobed or entire, implying that entire leaves like 
those of Cercis have evolved multiple times independently, leading to homoplasy. This 
means that the bilobed leaves may have been present in the most recent common 
ancestor (MRCA) or stem relatives of Cercidoideae, and evolved to having an entire 
lamina in Cercis. If the Tanzanian fossils are a possible stem-relative of Cercidoideae, 
we consider the oldest definitive crown group fossil evidence to be the recently 
described Cercis fossil leaves and fruits from the Late Eocene of Oregon (Jia and 
Manchester, 2014), at c. 36 Ma (calibration C, a slightly older minimum age than used 
by Bruneau et al. (2008) and Simon et al. (2009)).
Bifoliolate leaves from the same fossil site in Tanzania as the Bauhinia fossil 
were ascribed to Aphanocalyx (Detarioideae) (Herendeen and Jacobs, 2000) based on 
distinctive venation patterns, after comparing the leaves to all extant legume genera 
with bifoliolate leaves. The fossil was used to calibrate the stem lineage of that genus by
Bruneau et al. (2008) and Simon et al. (2009). The genus is deeply nested within 
Detarioideae, also meaning that the difference between age estimates from calibrated 
and uncalibrated analyses is large (46.0 vs 4.4 Ma; Bruneau et al., 2008: Table 3). 
While venation patterns can be diagnostic in many cases, they are often variable even 
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within modern genera and likely to be homoplasious. Therefore, these fossils might also
represent an extinct lineage, possibly a stem relative of Detarioideae, that had evolved 
similar leaf morphology to extant Aphanocalyx. Moreover, the author of the most recent 
taxonomic account of Aphanocalyx (Wieringa, 1999), Jan Wieringa, does not accept this
fossil as belonging to the genus. It also does not fit with the morphology-based 
phylogeny of Aphanocalyx which showed that bifoliolate leaves evolved recently and 
are derived within Aphanocalyx (Wieringa, 1999). In general, leaflet numbers are highly 
variable across Detarioideae, so relatives of fossils should not be sought only among 
other bifoliolate taxa.
Further evidence of Detarioideae from the Eocene is found at two localities within
the Claiborne Formation in western Tennessee, USA. Fruits and leaflets from those 
sites are ascribed to the genus Crudia (Herendeen and Dilcher, 1990). As for the 
Aphanocalyx fossil, the affinities of the fossils were carefully evaluated before 
concluding that they are related to Crudia. Bruneau et al. (2008) and Simon et al. (2009)
used this fossil to calibrate the stem of Crudia at 45 Ma, but as for the Aphanocalyx 
fossil age, an uncalibrated analysis finds a far younger age (6.9 Ma; Bruneau et al., 
2008: Table 3). It is possible that in this case, an extinct detarioid lineage may have 
evolved morphological features similar to extant Crudia species independently. The 
raised venation on the fruit valves and twisted petiolules that most strongly resemble 
Crudia, for example, are both homoplasious across Detarioideae.
Fossil wood, flowers and amber of Aulacoxylon sparnacense, which has 
previously been interpreted as related to the extant genus Daniellia (Detarioideae), from
the Early Eocene of the Paris basin (De Franceschi and De Ploëg, 2003), provide the 
most convincing evidence of fossils representing Early to Middle Eocene crown group 
members of Detarioideae. The fossil wood has vestured pits and resin canals like 
modern resin-producing Detarioideae, and the amber deposits are chemically similar to 
the Dominican ambers. Bruneau et al. (2008) considered the wood and flowers similar 
to Daniellia, but suggested they could also belong to a different genus of resin-
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producing Detarieae. However, it is also possible that resin-production was already 
present in stem-relatives of Detarioideae. This is quite likely given that this trait is 
homoplasious across the resin-producing clade, having apparently been independently 
gained or lost several times, with only about half of the extant genera in the clade 
producing resin (Fougère-Danezan et al., 2007). If the production of resin evolved in the
ancestral lineage of Detarioideae it would not require many more losses to account for 
the absence of the trait in the other lineages of the subfamily, because the resin-
producing clade branches deeply within Detarioideae and the basal relationships of the 
subfamily are poorly resolved and understood (Bruneau et al., 2008; de la Estrella et al.,
2018). Furthermore, the large majority of genera in the subfamily are confined to the 
large clade of Amherstieae, so perhaps only a single additional loss of the trait in the 
lineage leading to this clade could have produced this homoplasious pattern. This 
makes it possible that the Paris basin fossils belong to an extinct genus belonging to the
stem group of Detarioideae. Therefore, the Aulacoxylon fossils can be used either to 
calibrate the stem node of the resin producing clade (calibration Gg, as done by 
Bruneau et al, (2008) and Simon et al., (2009) or the stem node of Detarioideae 
(calibration G), with a minimum age of 53 Ma .
For the disputed age of Dominican amber (Iturralde-Vinent and MacPhee, 1996), 
an intermediate age of 24 Ma was chosen by Bruneau et al. (2008), which was followed 
by Simon et al. (2009), but it is preferable to not consider an intermediate age as a valid
minimum, but rather to use the minimum age that was estimated for Mexican amber that
includes flowers of Hymenaea mexicana, the extinct species that presumably produced 
the amber (Poinar and Brown, 2002), and we calibrate the Detarieae s.s. stem node 
with a minimum age of 22.5 Ma (calibration F, a more inclusive node than in Bruneau et 
al, (2008) and Simon et al., (2009), and a different fossil age).
The calibration of the stem group of Styphnolobium and Cladrastis (calibration I2)
is the same as used in Bruneau et al. (2008) and Simon et al. (2009), but the minimum 
age was updated to 37.8 Ma according to the latest version of the Geologic Time Scale 
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(v. 4.0; Gradstein et al., 2012), representing the end of the Middle Eocene (end of the 
Bartonian). Calibration M2 is the same as used in Simon et al., (2009) but since Robinia
itself is not sampled here, we place it on the stem node of the robinioid clade 
(represented here by Lotus japonicus) and update the minimum age to the Eocene-
Oligocene boundary at 33.9 Ma.
Bruneau et al. (2008) and Simon et al. (2009) also set the ages of several fossil 
calibrations at the midpoint of the Eocene, at 45 Ma. This led to a bias that was 
observable in an LTT plot of legumes (Koenen et al., 2013), and here we prefer to use 
the minimum boundary ages for these fossils. Although most of these calibrations are 
not used in our analyses due to sparser taxon sampling, we use one of these fossils, 
Acacia-like polyads, to calibrate the minimum stem age of the clade including all Acacia
s.l. segregates at 33.9 Ma, the Eocene-Oligocene boundary (calibration Q, same node 
but younger age than Bruneau et al, (2008) and Simon et al., (2009)). Finally, we add 
calibration Q2, based on Australian Oligocene polyads with pseudocolpi (Miller et al., 
2013), which suggest affinity with Acacia s.s., and we calibrate the stem node of that 
genus with a minimum age of 23 Ma, the Oligocene-Miocene boundary.
Divergence time analyses
Using SortaDate (Smith et al., 2018b), we analyzed the 1,103 gene trees from 
Koenen et al. (submitted) to estimate the total tree length (a proxy for sequence 
variation or informativeness), root-to-tip variance (a proxy for clock-likeness) and 
compatibility of bipartitions with the ML tree that was inferred using the full data set (the 
RAxML tree inferred with the LG4X model). We then selected the best genes for dating 
based on cutoff values that were arbitrarily chosen from the estimated values across 
gene trees: (1) total tree length greater than 5, (2) root-to-tip variance less than 0.005 
and (3) at least 10% of the bipartitions in common with the ML tree. This yielded 36 
genes, which were concatenated to have a total aligned length of 14462 amino acid 
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sites. We also used the ‘pxlstr’ program of the Phyx package (Brown et al., 2017) to 
calculate taxon-specific root-to-tip lengths from the ML tree, after pruning the 
Ranunculales, on which the tree was rooted. The values obtained were then used to 
define local clocks as described below. Arabidopsis thaliana, Linum usitatissimum and 
Polygala lutea were removed because of much higher root-to-tip lengths relative to their
closest relatives. Panax ginseng was also removed because of a low root-to-tip length 
relative to the other sampled asterids, leaving a total of 72 taxa.
We used BEAST v.1.8.4 (Drummond et al., 2012) with various clock models to 
estimate divergence time estimates across the phylogeny based on the alignment of the
selected 36 genes and the fossil calibrations described above. All analyses were run 
with the LG + G model of amino acid substitution and the birth-death tree prior, and 
using the ML tree to fix the topology. Fossil calibration priors were set as uniform priors 
between the minimum age as specified in Table 1 and a maximum age of 126 Ma 
(oldest fossil evidence of eudicots) as listed in Table S2, with the exception of the root 
node, for which we used a normal prior at 126 Ma with a standard deviation of 1.0 and 
truncated to minimum and maximum ages of 113 (the Aptian-Albian boundary) and 136 
Ma (the oldest crown angiosperm fossil, see Magallón et al. (2015)). With these 
settings, we ran analyses under the uncorrelated lognormal (UCLN), strict (STRC), 
random (RLC) and 3 different fixed local (FLC) clock models. To specify the different 
FLC models, we examined root-to-tip length variation across subclades to specify 
biologically meaningful a priori clock partitions (Fig. S19). The 50kb-inversion clade of 
papilionoid legumes and the asterids (without Panax ginseng) have uniformly longer 
root-to-tip lengths than the remaining taxa across the tree and were each therefore 
assigned their own local clocks, with a different clock for all remaining taxa in the tree 
(this model referred to as FLC3, partitioning of taxa is illustrated in Supplementary 
Figure S19A). A more complex model was specified where the rosid rate was decoupled
from the background rate and more clock partitions within the legumes were created for 
the mimosoids together with the Cassia clade because of their longer root-to-tip lengths 
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relative to other Caesalpinioideae and most of the rosid clade and also for the combined
clade of Cercidoideae and Detarioideae. This more complex model is referred to as 
FLC6 (Fig. S19B). The most complex model (FLC8; Fig. S19C) was generated by 
further partitioning the combined clade of Cercidoideae and Detarioideae with a 
separate local clock for each subfamily, and one on their combined stem lineages (this 
most complex partitioning is also indicated with colored branches in Figures 6 and S16-
17 and those of the other FLC models in Figures S14-15). The Ranunculales that were 
pruned for the root-to-tip length calculations were included in the background clock for 
each FLC model.
The separate clock partitions assigned to Cercidoideae and Detarioideae in the 
FLC8 model are particularly useful for evaluating the controversial placement of Early 
and Middle Eocene fossils within their crown groups. This was done by running two 
analyses under the FLC8 model, one with the same priors as the other analyses, and 
one with similar placements of these calibrations as in Bruneau et al. (2008) and Simon 
et al. (2009) (Table 1). Calibration C was replaced with a minimum age of 46 Ma on the 
stem of Bauhinia, based on fossil leaves from Tanzania (Herendeen and Jacobs, 2000; 
discussed in the previous paragraph). Calibration Gg was applied on the stem of the 
resin-producing clade (i.e. the crown node of Detarioideae) instead of on the stem node 
of Detarioideae. Calibration Hg is taken from Bruneau et al. (2008) and Simon et al. 
(2009), and is added in the alternative analysis to specify a minimum age of 46 Ma on 
the stem of Anthonotha, based on fossil leaves assigned to the closely related genus 
Aphanocalyx from Tanzania (Herendeen and Jacobs, 2000; but see previous 
paragraph). We refer to this calibration scheme as “alternative prior 1” (Table S2). Since
a separate local clock is assigned to the combined stem lineages of Cercidoideae and 
Detarioideae, substitution rate estimates for stem and crown groups can be compared 
under both calibration schemes.
Maximum ages of fossil calibrations were set conservatively, and perhaps overly 
so, which can lead to a poorly formed joint marginal prior on node ages across the tree 
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(Phillips, 2015). Therefore, we also constructed an alternative prior with less 
conservative maxima as specified in Table S2 (“alternative prior 2”). These maxima 
represent boundary ages of older epochs from which the crown or stem group is not 
known, and in line with ages found by Magallón et al. (2015). These analyses serve to 
test the sensitivity of the UCLN model to the marginal prior.
Analyses sampling from the prior (without data) were run for 100 million 
generations, the strict clock and FLC3 and FLC6 analyses were run for 25 million 
generations and all other clock analyses were run for 50 million generations, and 
convergence was confirmed with Tracer v1.7.1 (Rambaut et al., 2018). For the non-prior
analyses, the first 10% of the total number of generations was discarded as burn-in 
before summarizing median branch lengths and substitution rates with TreeAnnotator 
from the BEAST package.
To infer the ages of gene duplication nodes, we made four new subsets of gene 
trees for time-scaling. The first set includes all gene trees for which duplications were 
mapped on the collapsed legume backbone by Notung, but including only well-sampled 
taxa (see Table S1), and all other rosids as outgroup taxa. The other three sets were 
obtained by taking the sequences of all non-legume taxa in the nitrogen-fixing clade of 
angiosperms as outgroups alongside sequences of selected, well-sampled accessions 
for each of the subfamilies Caesalpinioideae, Detarioideae and Papilionoideae, creating
separate sets of gene trees for each of these subfamilies together with the non-legume 
outgroup taxa. We chose these three subfamilies since they are well-sampled and their 
paleopolyploidy is well established. In this way we could assess whether the WGD 
events in different subfamilies occurred at different times or at the same time as would 
be expected if they are shared WGDs, although this in itself does not constitute 
evidence for shared events. For Detarioideae all four transcriptomes were included, for 
Caesalpinioideae only those of Entada abyssinica, Microlobius foetidus, Albizia 
julibrissin and Inga spectabilis, and for Papilionoideae the genomes of Medicago 
truncatula, Glycine max, Phaseolus vulgaris and Arachis ipaensis. For all of these sets, 
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sequences were realigned and new gene trees were inferred with RaxML, using the 
PROTGAMMAAUTO model. The resulting maximum likelihood trees were rooted with 
Notung with respect to the species tree relationships. For the family wide trees we 
further tested whether all legume sequences formed a monophyletic group to make sure
no gene duplications pre-dating the divergence of the legumes were included. For each 
subfamily gene tree set we ran a phyparts analysis and all gene trees with duplications 
that mapped to the crown node of the subfamily were selected. All gene trees in the 
family-wide and subfamily specific sets were then individually time-scaled using 
penalized likelihood (Sanderson, 2002) as implemented in the R package ape (function 
‘chronos’) (Paradis et al., 2004; Paradis, 2013). Based on simulations, it was shown that
even although the correlated clock model estimates more accurate substitution rates, 
the strict clock estimates more accurate branch lengths (Paradis, 2013). Since it is our 
purpose to estimate ages and not rates, we therefore used the strict clock in these 
analyses, and set the smoothing parameter to 1 as done by Paradis (2013). The root 
age was set at 110 Ma for the family-wide gene tree set and to 105 Ma for the 
subfamily-specific gene tree sets based on the crown age estimates for the rosids and 
nitrogen-fixing clade of angiosperms from time-scaling analyses on the species tree 
(Figs. S6-S13). After time-calibration, ages of the duplication nodes were extracted and 
histograms and density plots of these were made in R.
RESULTS
After removing fragmentary sequences and gappy sites from the 9,282 homolog 
clusters generated by Koenen et al. (submitted), 640 clusters with large amounts of 
missing data were eliminated. From trees that were inferred from the remaining 8,642 
homologs, we extracted different sets of rooted gene trees for analysis: (1) a set of 
8,038 trees for the Phyparts analyses that include all taxa except Ranunculales that 
were used for rooting, (2) a set of 8,324 trees including only rosid taxa for the Notung 
and WGDgc analyses and (3) a set of 4,371 pruned trees with only taxa from the 
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nitrogen-fixing clade of angiosperms, including four Caesalpinioideae species and one 
species each of the remaining subfamilies, and average BS > 50%, for the GRAMPA 
analysis. Exemplar gene trees from the first set are shown in Figure S1. Because of the 
way these homolog sets were assembled, duplications that are restricted to a terminal 
lineage are not included, therefore testing for a WGD specific to Dialioideae or one 
within Cercidoideae (but excluding Cercis), both of which were suggested by Stai et al. 
(2019), is not possible with this data set. For time-calibrating the species tree, 36 
informative and relatively clock-like genes were selected from the 1,103 orthologs of 
Koenen et al. (submitted). To estimate the timing of gene duplication nodes, we 
analysed 863 gene trees extracted from the Notung analysis including taxa from 
multiple subfamilies and 246, 250 and 272 trees including only Caesalpinioideae, 
Detarioideae and Papilionoideae, respectively. Table S2 gives an overview of which 
accessions were included per analysis, and the number of trees and sequences that 
were included per taxon. Alignments, gene trees and gene count data are included in 
Supplementary Data S1-S7.
Inferring Phylogenetic Locations of WGDs
In the Phyparts analysis, we find significantly elevated numbers of gene 
duplications at several nodes where WGDs are hypothesized to have occurred, 
including the previously documented Salix/Populus clade (Tuskan et al., 2006) and one 
subtending Pentapetalae, consistent with the known gamma hexaploidization 
associated with that clade (Jiao et al., 2012) (Figs 1a and S2). For the Pentapetalae 
clade, many homologs show more than one gene duplication at that node, given that 
the number of duplications (1,901) is nearly twice as high than the number of homologs 
with duplications (1,105), as expected for two consecutive rounds of WGD. Some of 
these duplications may also stem from older events, since missing data for the three 
non-Pentapetalae taxa in our dataset could mean that we do not find duplicates of older 
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WGDs in these taxa. In the legumes, high numbers of gene duplications at particular 
nodes suggest that there were three early WGD events, one at the base of the family, 
and one each subtending subfamilies Papilionoideae and Detarioideae (Figs 1a and 
S2). When applying a bootstrap filter to the homolog trees (≥50% bootstrap support), 
numbers of gene duplications are considerably lower, but the pattern is the same (Figs 
1a and S2). At the root of the family, the number of gene duplications drops from 1,646 
to 99 when applying this bootstrap filter, in line with the difficulty of resolving the deepest
dichotomies of the legume phylogeny (Koenen et al., submitted). Notably, for the 
legume crown node we also find evidence for a significant fraction of homologs showing
more than one gene duplication, with 1,646 duplications from only 1,229 homologs 
mapping to that node. This could suggest multiple rounds of WGD (e.g. Figs S1e and f),
although some of these can be attributed to duplications in both paralog copies of genes
duplicated at the Pentapetalae gamma event, while for many others support values 
across the tree are low. For other hypothesized WGDs, the numbers of homologs with 
more than one duplication at those nodes are much lower, suggesting they involved a 
single round of WGD.
Using gene tree reconciliation with Notung, we found similar results (Fig. 1b, S3 
and S4), although in this case the Pentapetalae node was not included in the analysis. 
Furthermore, numbers of duplications particular to Detarioideae are higher than in the 
Phyparts analysis. The opposite is true for Papilionoideae, where instead Notung finds 
higher numbers of gene duplications on the node uniting Caesalpinioideae and 
Papilionoideae, and on several nodes within Papilionoideae. The differences between 
these two analyses are likely to be mainly attributed to the --rearrange method in 
Notung that was used to account for poor support in gene trees.
The likely placements of WGDs based on the phylogenetic locations of gene 
duplications were further tested with WGDgc, a probabilistic method based on gene 
count data harvested from the second, rosid gene tree set. The best scoring model with 
two WGDs has one WGD that is specific to Detarioideae and one that is shared by
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FIGURE 1. Numbers of gene duplications mapped over the species tree. a) Results from a phyparts 
analysis on the species tree topology of Koenen et al. (submitted) and b) results from a Notung analysis 
on the rosids portion of the same tree. Relative sizes of circles on nodes indicate the number of 
duplications as per the legend. Numbers of duplications are indicated for putative WGDs, in a) the two 
numbers are derived from ML topologies without and with a bootstrap filter of 50%, respectively.
 Papilionoideae and Caesalpinioideae (Fig. 2a), which received a higher likelihood than 
a model with WGDs specific to Detarioideae and Papilionoideae (Fig. 2d), as well as to 
other models with two WGDs. When adding a third WGD specific to Papilionoideae, the 
LRT score of 25.76 suggests that this three-WGD model is significantly better at the α = 
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0.001 confidence level (P value > 9.550) (Fig. 2b). Other models with three WGDs 
received lower likelihood scores (Fig. 2e), where the second best scoring three-WGD 
model is that with independent WGDs in Caesalpinioideae, Detarioideae and 
Papilionoideae which corresponds to the results of Cannon et al. (2015) and Stai et al. 
(2019). Adding a fourth WGD on the legume crown node (Fig. 2c) further improves the 
likelihood, but the LRT score of 7.94 is only significant at a lower confidence level of α = 
0.01 (P value > 5.412). Alternative placement of a fourth WGD within legumes (Fig. 2f) 
has a lower likelihood than placing it on the legume crown node and received an LRT 
score of 1.16 which is not significant even at a confidence level of α = 0.05 (P value > 
2.706).
Distinguishing Between Auto- and Allopolyploidy Along the Legume Backbone
An allopolyploid event along the legume backbone could provide an alternative 
explanation for the high numbers of gene duplications mapping to the crown node of the
legumes. Only one or a few of the subfamilies need to be derived from such an event in 
order for duplicate gene copies to map to the legume crown node if the parental 
lineages of the polyploid diverged from each other at the base of the family. Under this 
scenario no pan-legume WGD would need to be inferred and the subfamilies could 
each be derived from an independent WGD or be ancestrally non-polyploid as 
suggested by Cannon et al. (2015) and Stai et al. (2019), or a WGD could be shared 
across two or more subfamilies. In the filtered supernetwork, the Convex Hull method 
draws a complex tangle of ‘boxed’ relationships at the putative placements of WGDs as 
inferred with Phyparts, Notung and WGDgc: at the bases of the Papilionoideae, 
Detarioideae and the family as a whole (Fig. 3). This suggests that indeed at least three 
WGDs occurred early in the evolution of the legumes, one of which occurred along the 
backbone before or among the first divergences in the family. For most subfamilies, 
there is not much reticulation involving the root edge of each, except for
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FIGURE 2. Possible placements of legume WGD events on the species tree, and their log-likelihoods 
based on the gene count method implemented in WGDgc. In the top row models with the highest 
likelihood scores are shown for a) two WGDs, b) three WGDs and c) four WGDs, with likelihood ratio test 
(LRT) scores indicated above the arrows between each panel. d) The second most likely model with two 
WGDs. e) The three next most likely models with three WGDs, from left to right: the model corresponding 
to results from Cannon et al. (2015) and Stai et al. (2019); an alternative model to b) with a shared WGD 
for Caesalpinioideae, Dialioideae and Papilionoideae; and the model with a pan-legume WGD as 
suggested by the Phyparts and Notung analyses (Fig. 1). f) The second most likely model with four 
WGDs. The WGD subtending Populus and Salix in the outgroup taxa is not shown but was included in all 
analyses. Caes = Caesalpinioideae, Cerc = Cercidoideae, Detar = Detarioideae, Dial = Dialioideae and 




FIGURE 3. A filtered supernetwork drawn with the Convex Hull algorithm shows tangles of gene tree 
relationships at the bases of the legumes, and subfamilies Detarioideae and Papilionoideae, that 
correspond to WGDs, as well as possible reticulation at the base of Caesalpinioideae. The filtered 
supernetwork was inferred from the 1,103 1-to-1 ortholog gene tree set, and only bipartitions that received
more than 80% bootstrap support in gene tree analyses were included. Edge lengths and colours are by 
their weight, a measure of prevalence of the bipartition that the edge represents among the gene trees. 
Ellipses with dashed outline indicate increased complexity at putative locations of WGDs.
Caesalpinioideae. This suggests that (at least) this subfamily could have resulted from 
an allopolyploid event.
The GRAMPA method identified eight multi-labeled (MUL) trees representing 
allopolyploid events (summarized in Fig. 4a-f), that had lower (better) reconciliation 
scores than the singly labeled species tree (Fig. 4g). MUL trees with just autopolyploidy 
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(Fig. 4h and i) received higher (worse) scores. The two best scoring MUL trees (Fig. 4a)
included an allopolyploid event involving either Cercidoideae or Detarioideae as the 
second parental lineage for the clade combining the other three sampled subfamilies. 
The same second parental lineages are implied in the fourth and fifth best-scoring trees,
for the Caesalpinioideae + Papilionoideae clade (Fig. 4c). Given that strong gene tree 
conflict was observed among the orthologs analysed by Koenen et al. (submitted), 
these MUL trees may receive better scores due to incomplete lineage sorting (ILS) and/
or gene tree estimation errors. The only high scoring MUL tree with an independent 
allopolyploid event restricted to Caesalpinioideae (Fig. 4f) scored only slightly better 
than the singly labeled tree. The remaining high scoring MUL trees involve a shared 
allopolyploidy event for Caesalpinioideae and Papilionoideae (Fig. 4b and e) or one in 
which it is shared with Dialioideae (Fig. 4d). The highest scoring of these involves an 
allopolyploid event from which are derived Caesalpinioideae and Papilionoideae with 
the second parental lineage stemming from a divergence that occurred before the first 
dichotomy in the species tree (Fig. 4b), in line with the high number of duplications 
mapped onto the legume crown node in Phyparts and Notung analyses (Fig. 1). 
Furthermore, an allopolyploid event shared between Caesalpininoideae and 
Papilionoideae is also in line with the high number of duplications mapping on the node 
that unites these two subfamilies in the Notung analysis (Fig. 1b).
Divergence Time Estimation
To establish whether the origin of the legumes is closely associated with the KPB,
we performed clock dating in a Bayesian framework. Because the chloroplast phylogeny
of Koenen et al. (submitted) shows large root-to-tip length variation, we refrained from 
using chloroplast data to infer divergence time estimates, and instead rely on the better 
suited nuclear data for this purpose, as suggested by Christin et al. (2014). We selected
36 informative and relatively clock-like nuclear genes and 20 fossil calibrations
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FIGURE 4. Different hypotheses involving allopolyploidy and their reconciliation scores in comparison to 
hypotheses involving only autopolyploidy. (a - f) All eight allopolyploid hypotheses that gave lower (better) 
reconcilation scores than (g), which represents the null hypothesis with no allopolyploidy. Hypotheses 
involving an additional autopolyploid event (h) in Caesalpinioideae or (i) at the legume crown node lead to
higher (worse) reconciliation scores. Red circles indicate putative allopolyploidy events, large blue circles 
indicate putative autopolyploidy events taken into account in the analysis, small blue circles indicate 
autopolyploid events in Papilionoideae and Detarioideae that were not taken into account and removed 
from the input gene trees prior to the analysis. Solid lines represent the species tree topology; dashed 
lines connect to the putative second parental lineage. Caes = Caesalpinioideae, Cerc = Cercidoideae, 
Detar = Detarioideae, Dial = Dialioideae and Pap = Papilionoideae.
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 (Table 1). The oldest definitive fossil evidence of crown group legumes is from the Late 
Paleocene, consisting of bipinnate leaves from c. 58 Ma (Wing et al., 2009; Herrera et 
al., in press) and papilionoid-like flowers from c. 56 Ma (Crepet and Herendeen, 1992), 
representing Caesalpinioideae and Papilionoideae respectively. The older fossil woods 
with vestured pits, from the Early Paleocene of Patagonia (Brea et al., 2008) and the 
Middle Paleocene of Mali (Crawley, 1988), could represent stem relatives of the family 
(vestured pits are found in Papilionoideae, Caesalpinioideae and Detarioideae, so this is
likely an ancestral legume trait). Based on this fossil evidence, c. 58 Ma can be 
considered the minimum age of the legume crown node. Molecular age estimates (95% 
HPD intervals) for the crown node range from 65.47-86.45 Ma and 73.46-81.18 Ma 
under the uncorrelated log-normal relaxed clock (UCLN) and the random local clock 
(RLC) models, respectively, to minima and maxima between 64.63 and 68.85 Ma under 
various fixed local clock (FLC) models (Table S3), the latter suggesting a close 
association of the origin of the legumes with the KPB (Fig. 5). Maximum clade credibility
(MCC) trees for all clock analyses, with 95% HPD intervals indicated, are included in 
Supplementary Figures S6-S13, and 95% HPD intervals for nodes A-H are listed in 
Table S3.
Placement of Eocene fossils of Detarioideae and Cercidoideae within the crown 
groups of those clades (Bruneau et al., 2008; Simon et al., 2009; de la Estrella et al., 
2017), yields older crown group estimates for these clades. However, with these 
calibrations (alternative prior 1 in Table S2), a more than 10-fold higher substitution rate 
along the stem lineages of these two subfamilies relative to the rates within both crown 
clades is inferred (c. 8.82 × 10-3 vs 0.69 × 10-3 substitutions per site per million years, 
with identical rates estimated independently for Cercidoideae and Detarioideae; Fig. 
S14a). This rate is also nearly five times higher than the mean rate across the tree as a 
whole (1.54 × 10-3 substitutions per site per million years), while the crown clades are 
estimated to have rates about half as high as the mean. Analyses with the same clock 





(PREVIOUS PAGE) FIGURE 5. The origin of the legumes is closely associated with the KPB. (a) Chronogram 
estimated with 8 fixed local clocks (FLC8 model) in BEAST, with the clock partitions indicated by colored 
branches, from an alignment of 36 genes selected as both clock-like and highly informative and hence 
well-suited for dating analyses. Blue shading represents 500 post-burnin trees (‘densitree’ plot) indicating 
posterior distributions of node ages. Yellow stars indicate putative legume WGD events. Labelled circles 
plotted across the phylogeny indicate placement and age of fossil calibrations listed in Table 1. (b) Prior 
and posterior distributions for the age of legumes under different clock models, as indicated in the legend.
(c) Density plots of age estimates for duplication nodes in gene trees, for all duplications that mapped 
onto the legume crown node in the Notung analysis in grey and for duplications in the three well sampled 
subfamilies Papilionoideae, Caesalpinioideae and Detarioideae as indicated in the legend.
 (Hymenaea) as the oldest crown group evidence for Cercidoideae and Detarioideae, 
respectively, do not infer such strong substitution rate shifts, with all clock partitions 
across the phylogeny estimated to have a substitution rate ranging from 0.96 × 10-3 to 
2.53 × 10-3 substitutions per site per million years (Fig. S14b). Either way, different 
placements of these fossils have little influence on the crown age estimates for the 
family in the FLC analyses (Figs S11 and S12, Table 3).
Age estimates for duplication nodes show that (at least) Caesalpinioideae and 
Papilionoideae are derived from one or more WGDs that occurred close to the KPB 
(Fig. 5c and S15). The WGD specific to Detarioideae appears to have occurred more 
recently, in the Eocene. The duplication nodes corresponding to the legume backbone 
as inferred from the Notung analysis are likely a mixture of Detarioideae WGD 
duplications and older legume WGDs. This is surprising since it implies that detarioid 
paralogs do not always form sister clades in the gene trees, which could be caused by 
gene tree estimation errors or an allopolyploid origin for that subfamily. The large spread
of ages found for the duplication nodes (Fig. 5c) may be attributed to substitution rate 
variation across genes, which, in the absence of fossil calibrations, is not accounted for. 
This may also have led to underestimation of ages for a proportion of gene tree 
duplication nodes given the long-tailed distributions towards the present (Fig. 5c and 
S15), which are also conflicting with crown age estimates for the subfamilies from the 
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dating analysis on the species tree (Fig. 5a). On the other hand, in the case of 
allopolyploidy, the estimated ages of duplication nodes reflect the divergence time of the
two parental lineages rather than the allopolyploid event itself, leading to an 
overestimation of the timing of polyploidy.
DISCUSSION
 We find evidence for at least three WGD events early in the evolution of the 
family, which further complicate the phylogenomic tangle characterised by lack of 
phylogenetic resolution and strong gene tree conflict at the base of the family 
documented by Koenen et al. (submitted). Time-calibration of the species tree suggests 
a close association of this complex origin of the legumes with the KPB. We discuss 
these findings and their relevance to understanding the early evolution of the third 
largest angiosperm family, the likely complications caused by WGDs on phylogenetic 
inferences in deep time, and the consequences of the KPB mass extinction event for 
plant evolution in the Cenozoic.
Locating WGD Events on the Phylogeny
Our analyses provide evidence for at least three WGD events early in the 
evolution of the legume family, one that occurred along either the stem lineage or the 
backbone of the family, plus independent WGDs subtending subfamilies Detarioideae 
and Papilionoideae. Our results suggest two likely hypotheses with regard to the oldest 
WGD event: (1) it is either placed on the stem lineage, representing a pan-legume WGD
or (2) it involved allopolyploidy between two parental lineages that were derived from 
the first divergence within the family. The first hypothesis is supported by results from 
Phyparts and Notung analyses (Fig 1), while the WGDgc analysis only rejects a pan-
legume WGD with the highest confidence interval in the LRT (Fig. 2). The second 
hypothesis is supported by the GRAMPA analysis (Fig. 4) and is more in line with the 
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idea that Cercis did not experience a legume-specific WGD, as suggested by Stai et al. 
(2019). Moreover, under the second hypothesis, duplicated genes would indeed also be
reconciled onto the crown node of the family when using methods that do not account 
for allopolyploidy (Fig. 1). While this makes a pan-legume WGD less likely, all our 
results show that at least one WGD occurred among the first divergences of the family 
(Figs 1-4) and that this WGD is shared across more than one subfamily, rather than 
restricted to a single subfamily. Indeed, we show that it is unlikely that an independent 
WGD occurred in Caesalpinioideae (Figs 1 and 2), even in the case of allopolyploidy 
(Fig. 4). Most of the evidence instead suggests that Caesalpinioideae and 
Papilionoideae, perhaps together with Dialioideae, share a WGD (Figs 1b, 2 a, b and c, 
4a-e), and that this was likely an allopolyploid event (Fig 4a-e). This would imply that 
subfamily Papilionoideae as a whole has undergone two rounds of WGD, which is 
overwhelmingly supported by the gene count method (Fig. 2b), with even some modest 
support for three rounds of WGD (Fig. 2c), but with lower confidence.
It is likely that missing data due to the inclusion of transcriptome data, rather than
fully sampled genomes, has impacted some of our analyses. In particular, for 
Dialioideae, where only a single terminal is sampled, it remains uncertain whether that 
subfamily shares a WGD with Caesalpinioideae and Papilionoideae or not. The gene 
count method is likely to be particularly sensitive to missing data, as it does not take 
gene tree topology into account, thereby erroneously finding that a pan-legume WGD, if 
it did occur, was only shared by the better-sampled Caesalpinioideae and 
Papilionoideae for which high quality transcriptomes and genomes were used (Fig. 2a 
and b). Missing data could also impact the GRAMPA analysis with respect to identifying 
which parental lineages were involved in an ancient allopolyploid event and which 
subfamilies are derived from it. However, given that GRAMPA does take gene tree 
topology into account, the inference that allopolyploidy is more likely than autopolyploidy
is likely to be robust, and moreover, none of the other results can reject allopolyploidy. 
Gene tree estimation errors and/or ILS will also have an influence on the GRAMPA 
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results and it is conceivable that this could erroneously lead to better reconciliation 
scores for allopolyploid hypotheses. More generally, different sources of gene tree 
discordance can impact on all of the analyses and indeed it appears difficult to 
distinguish among these (see below).
Until high quality assemblies and annotations of fully sequenced genomes are 
available for each of the subfamilies and closely related families, the impacts of missing 
data in these analyses are difficult to assess. Denser taxon sampling is also necessary 
to resolve the number and placement of WGDs with higher precision, accuracy and 
confidence. For Dialioideae, it will be highly desirable to include the genera Poeppigia 
and Baudouinia or Eligmocarpus to span the first two divergences of the subfamily 
(Zimmerman et al., 2017) and determine if a putative Dialioideae WGD was shared by 
all members of the subfamily. And for Duparquetia orchidacea, the sole member of 
Duparquetioideae, nuclear genomic and cytogenetic data are lacking, its phylogenetic 
placement within the family is based solely on chloroplast sequence data (Koenen et al.,
submitted) and any potential history of polyploidy for the taxon remains unknown.
Our results contrast with the conclusions of Cannon et al. (2015) and Stai et al. 
(2019) in that not all WGDs are restricted to individual subfamilies. The hypothesis of a 
pan-legume WGD contrasts most strongly with their hypothesis of four or five 
independent WGDs each confined to a single subfamily. However, an allopolyploid 
event shared across two or three subfamilies, but which excludes at least Cercidoideae 
and Detarioideae, also disagrees with their hypothesis, but is more in line with the idea 
that Cercis has not undergone a WGD since the origin of the legumes (Stai et al., 2019).
The inferences of Cannon et al. (2015) and Stai et al. (2019) suffer from lack of rigorous
hypothesis testing, which is especially problematic for the gene and chromosome count 
data used in Stai et al. (2019). While the evidence for an allopolyploid event within 
Cercidoideae appears to be relatively strong, the authors did not test whether an earlier 
pan-legume WGD can be rejected based on their gene count data (e.g. using the 
method of Rabier et al. (2013)). Similarly, the chromosome count data presented by Stai
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et al. (2019) are not analysed based on chromosomal evolution modelling (Mayrose et 
al., 2009) across a robust species tree topology, and therefore provide rather weak 
evidence. Given the large variation in chromosome numbers observed across the 
legume family (LPWG, 2017; Stai et al., 2019) and across plant clades more generally 
(e.g. Hilu et al., 2004; Semple and Watanabe, 2009; Márquez-Corro et al., 2019), the 
assertion that Cercis would have retained the ancestral chromosome number 
throughout the whole of the Cenozoic should be tested for with formal analysis. 
Furthermore, the inference of Stai et al. (2019) that Cercidoideae is the sister-lineage to 
the rest of the legumes appears to stem from a phylogenetic analysis based on a single 
gene, the chloroplast gene matK, without evaluation of support for this relationship. In 
the densely sampled matK phylogeny of LPWG (2017) this relationship remained 
unresolved, while it now appears likely that Cercidoideae is the sister-lineage to 
Detarioideae rather than sister to the rest of the legumes (Koenen et al., submitted). 
Furthermore, the fact that Cercis is sister to the rest of Cercidoideae does not mean that
it is more likely to have retained ancestral features than the remainder of the subfamily 
– the very concept of an "early-branching" lineage is a common misinterpretation of 
unbalanced phylogenies (Crisp and Cook, 2005). This is particularly relevant to the 
chromosome count results presented by Stai et al. (2019), where the haploid number of 
7 in Cercis was suggested to be ancestral in legumes, but without analysing 
chromosomal evolution across the legume phylogeny. Haploid chromosome numbers of
6-8 are also found in Detarioideae, Caesalpinioideae and Papilionoideae, and are 
common in the latter, while paleopolyploidy in these three subfamilies is thought to be 
well established (Ren et al., 2019). Together with new data for Duparquetioideae and 
Dialioideae, stronger evidence for Cercis not having undergone a legume-specific WGD
will potentially be able to reject a pan-legume WGD and lend further support to the 
allopolyploid hypothesis presented here, but based on the currently available evidence 
we believe this is premature.
109
CHAPTER II
Estimating the Timeline of Legume Evolution
Our divergence time analyses update previous analyses of Lavin et al. (2005), 
Bruneau et al. (2008) and Simon et al. (2009), and provide, to our knowledge, the first 
divergence time estimates for legumes based on nuclear genomic data. The age 
estimates under the FLC models and the strict clock model are mostly rather similar, but
the RLC and UCLN models, that relax the clock assumption more, lead to older 
divergence time estimates. By allowing independent substitution rates on all branches, 
these models are potentially overfitting the data, to attempt to satisfy the marginal prior 
on node ages (Brown and Smith, 2017). As inferred from analyses run without data, the 
marginal prior that is constructed across all nodes of the tree, can be considered as 
“pseudo-data” (Brown and Smith, 2017), derived from the node calibration priors (based
on fossil ages) and the branching process prior (constant birth-death model in our 
case), and should therefore not be overly informative on node ages. FLC and strict 
clock models lend greater weight to the molecular data and can overrule the marginal 
prior distributions on divergence times whilst still respecting hard maximum and 
minimum bounds of the fossil constraints on calibrated nodes, as suggested by our 
results. It is also clear from running analyses without data, that the marginal age prior 
on the (uncalibrated) crown node of the legumes is rather poorly informed, with the 95%
HPD interval between 79.37-109.20 Ma (Fig. 5b), the minimum being much older than 
the oldest legume fossils, presumably caused by overly conservative maximum bounds 
on calibrated nodes (Phillips, 2015). UCLN and RLC analyses also inferred relatively 
high substitution rates for a few deep branches in the outgroup during the Lower 
Cretaceous, relative to the more derived and terminal branches of the tree (Figs S6 and 
S8), presumably to satisfy the poorly informed marginal priors. Phillips (2015) 
suggested that setting less conservative maxima on priors could remedy this problem, 
but our analysis with such prior settings shows little effect (Fig. S7), with some of the 
deepest branches still having much higher estimated substitution rates. Since there is 
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no evidence, nor any reason to assume, that substitution rates along those branches 
should be elevated relative to terminal branches, we conclude that this is indeed caused
by overfitting of rate heterogeneity across branches under the influence of the marginal 
prior. Furthermore, the RLC analyses fitted c. 45 local clocks across the phylogeny, a 
rather high number relative to the total of 142 branches in the tree (implying a separate 
clock for every 3 branches), which is also indicative of overfitting. At the same time, this 
could be seen as evidence that the data are not the product of clock-like evolution, but it
becomes difficult to estimate how much the clock deviates if the marginal prior on node 
ages is too influential. A more pragmatic approach is to use FLC analyses, by defining 
local clocks based on root-to-tip length distributions across clades and pruning outlier 
taxa (see Methods and Fig. S5). This approach accounts in large part for the violation of
the molecular clock but it does not relax the clock to the extent that the marginal prior on
node ages is given excessive weight relative to the molecular signal. Furthermore, 
because the genes we selected for divergence time estimation are reasonably clock-like
and highly informative, it is desirable that these data inform the node ages with sufficient
weight. One drawback of using this approach is that the relatively large amount of 
sequence data in combination with the FLC model results in estimates that appear 
unrealistically precise, and the discovery of new fossils may well prove the legumes to 
be slightly older. Nevertheless, the evidence presented here suggests that the legume 
crown age dates back to the Maastrichtian or Early Paleocene, likely within one or two 
million years before or after the KPB, although such high precision is not warranted due 
to the idiosyncrasies of the molecular clock.
Polyploidy (Senchina, et al., 2003) as well as the KPB itself (Berv and Field, 
2018), have been implicated as potentially causing transient substitution rate increases, 
raising the possibility that substitution rates during the early evolution of the legumes 
could have deviated temporarily but markedly from the "background" rate of Cretaceous
rosids. This would render the ages inferred for the first few dichotomies as well as those
of the subfamilies less certain. The age estimates inferred for these nodes rely in large 
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part on the assumption that the substitution rate did not vary significantly within the 
different clock partitions, and most importantly within the rosid partition which includes 
most of the branches along the backbone of the family and the stem lineage subtending
it. The WGD events that occurred along the legume backbone and within subfamilies 
Papilionoideae and Detarioideae could have affected substitution rates along those 
branches. By selecting for smaller stature and shorter generation times and reducing 
population sizes (Berv and Field, 2018), the KPB could additionally have resulted in 
increased rates along some or all of the stem lineages of the subfamilies, and, in the 
case of "hard" explosive diversification after the KPB, perhaps also along the legume 
stem lineage. A third factor that could influence node age estimates along the backbone 
of the family, is the gene tree incongruence observed for the first few legume 
divergences (Koenen et al., submitted), which is also observed among some of the 36 
genes that were used for time-scaling. The divergence time analyses need to 
accommodate this incongruence within a single topology, meaning that additional 
substitutions need to be inferred for conflicting gene trees, which can inflate the branch 
lengths between rapid speciation events (Mendes and Hahn, 2016). Taken together, 
these three factors could mean that the time frame for the early evolution of the 
legumes appears inflated in our results, with (some of the) subfamily ages likely being 
slightly older than estimated here, as well as divergence of the subfamilies happening 
nearly simultaneously (hence the gene tree incongruence and lack of phylogenetic 
signal), rather than spanning the c. 3 - 5 million years inferred here (Figs 5 and S6-13). 
Potentially, even the legume crown age could be slightly older due to the effects of 
polyploidy, but not due to the KPB, because if the crown is older, the stem lineage would
not have crossed the KPB.
Different interpretations of Eocene fossils of Cercidoideae and Detarioideae (see 
Material & Methods) lead to very different crown age estimates for these clades. As 
expected, this also leads to very different substitution rates along the stem lineages of 
these subfamilies, with rates increasing 10-fold when interpreting these fossils as crown
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group members. While it cannot be ruled out that the stem lineages of Cercidoideae and
Detarioideae experienced such markedly elevated substitution rates, it is unlikely that 
rates were five times higher relative to the rest of the eudicots across all 36 nuclear 
genes analysed, especially as these genes were chosen because of their approximately
clock-like evolution, and given that these two clades comprise long-lived woody 
perennials. The idea that molecular information from extant taxa could inform that 
particular fossils are too old to belong to a crown clade is controversial. However, the 
test we have performed here is similar to the cross-validation method proposed by Near
et al. (2005), which also uses molecular data to discover fossil calibration points that do 
not fit well with a larger set of fossils. Favouring those calibrations that do not lead to 
extreme substitution rate shifts is more parsimonious, and we believe that additional 
evidence is necessary to justify the inference of such a strong shift in substitution rates 
as that observed in the FLC8 analysis with alternative prior 1 (Fig. S12). While there 
seems little doubt that the Early Eocene fossils from the Mahenge in Tanzania and the 
Paris Basin in France do represent Cercidoideae and Detarioideae, the extreme 
substitution rate heterogeneity implied by their treatment as crown group members 
suggest that they may better be reinterpreted as stem-relatives of these subfamilies 
(see additional discussion about the affinities of these fossils in Material & Methods).
While we are not able at this point to confidently distinguish between a “hard” or 
“soft explosive” model of early diversification of the legumes, it is clear that the early 
radiations of the legume subfamilies all occurred in the Cenozoic. While stem age 
estimates of each subfamily are remarkably close to each other, crown age estimates 
are strikingly different (but see the discussion above on potential effects of polyploidy 
and the KPB on substitution rates and ages of subfamilies). Caesalpinioideae are found 
to have the oldest crown age (late Paleocene), followed by Papilionoideae with a crown 
age in the Early Eocene. Both of these subfamilies therefore likely diversified 
considerably during the PETM and Eocene climatic optimum, when tropical forests 
extended far into the Northern Hemisphere and paratropical forests occurred on the 
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coast of Antarctica. This is in line with the numerous legume fossil taxa known from the 
Eocene of North America, often of uncertain affinities, but with a majority ascribed to 
Caesalpinioideae and Papilionoideae (Herendeen, 1992). There is also fossil evidence 
of Early and Middle Eocene stem-relatives of Cercidoideae and Detarioideae (as 
discussed above and in Methods), but their crown group divergences are most likely 
placed in the Late Eocene or Oligocene. Our results suggest extinction of stem-relatives
of these two subfamilies, most likely related to Late Eocene and Oligocene cooling, and 
subsequent diversification of the crown groups during the Oligocene and Miocene, 
when both groups become diverse at several fossil sites (e.g. Wang et al., 2014; Lin et 
al., 2015; Poinar, 1991; Poinar and Brown, 2002). Although it remains uncertain whether
the crown group divergence of Detarioideae occurred in the (Late) Eocene or the 
Oligocene, the younger age of the subfamily inferred here contrasts with previous views
of the evolutionary trajectories of this subfamily dating back into the Paleocene, 
comprising relatively slowly evolving lineages (de la Estrella et al., 2017), and with 
Amazonian subclades within Detarioideae conforming to the museum model of tropical 
rainforest diversification (Schley et al., 2018). This has important implications for our 
understanding of the origins of tropical African plant diversity, since Detarioideae 
dominate the canopy of many equatorial African rainforests, as well as being an 
important group in African savannas (de la Estrella et al., 2017). Our results for 
Detarioideae suggest that the extant diversity in tropical Africa, in particular the large 
diversity in tribe Amherstieae, is of relatively recent origin following a major turnover 
event at the Eocene-Oligocene boundary, which also affected other plant groups such 
as palms (Pan et al., 2006). This more recent diversification of detarioids is also more in
line with the widely proposed recent assembly of the savanna biome (Cerling et al., 
1997; Bouchenak-Khelladi et al., 2009; Maurin et al., 2014).
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The Impact of the KPB on Plant Diversification
The impacts of the KPB mass extinction event on plant diversity are the focus of 
debate, with several studies claiming that extinction was less severe for plants than 
across marine and terrestrial faunas (Nicholls and Johnson, 2008; Cascales-Miñana 
and Cleal, 2014; Silvestro et al., 2015). However, our results suggest that the massive 
KPB turnover event likely played a critical role in the evolution of plant taxa. Our 
analyses indicate that the origin of crown group legumes is closely associated with the 
KPB. The analyses employing FLCs even suggest that potentially only a single legume 
ancestor crossed the KPB to give rise to the six main lineages during the early 
Paleocene, conforming to a “hard explosive” model. However, across the different 
analyses, part of the posterior density of the crown age estimate falls in the late 
Maastrichtian (Fig. 5), suggesting a “soft explosive” model, with the six main lineages 
diverging in the Late Cretaceous and crossing the KPB, giving rise to the crown groups 
of the modern subfamilies in the Cenozoic. These different explosive models have been 
used to describe the origin and early diversification of the placental mammals, although 
other studies have lent support to “short fuse” or “long fuse” models (summarized in 
Phillips, 2015: Fig. 1). For birds, the timing of diversification relative to the KPB has also
been controversial (Ksepka and Phillips, 2015), but it now appears likely that the 
Neoaves underwent explosive radiation from a single ancestor that crossed the KPB 
(Suh, 2016). Apart from Placentalia and Neoaves, recent studies on frogs (Feng et al., 
2017) and fishes (Alfaro et al., 2018) have also demonstrated rapid diversification 
following the KPB, suggesting this is a common pattern across many terrestrial and 
marine animal groups. We present here, to our knowledge, the first example of a major 
plant family whose origin and initial diversification appears to be closely linked to the 
KPB. This is notable because a recent family-level paleobotanical study suggested that 
the KPB did not constitute a mass extinction event for plants (Cascales-Miñana and 
Cleal, 2014). Phylogenetic studies in some plant families originating in the Cretaceous 
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also lack any evidence of a significant effect of the KPB on diversification (e.g. 
Annonaceae (Couvreur et al., 2011a) and Arecaceae (Couvreur et al., 2011b)), except 
for the smaller plant family Menispermaceae (Wang et al., 2012), which shows 
increased diversification following the KPB. In contrast, fern diversification appears to 
have been strongly affected, with some groups of ferns showing much reduced diversity
in the Cenozoic compared to earlier times (Lehtonen et al., 2017), and especially 
epiphytic groups of ferns showing increased diversification rates since the KPB 
(Schuettpelz and Pryer, 2009). Furthermore, the generic-level study of Silvestro et al. 
(2015) showed high extinction rates for non-flowering plant groups during the late 
Cretaceous, and elevated origination rates for angiosperms during the Paleocene, in 
line with the pattern we observe for the origins of legume diversity. Thus, even if 
extinction was less severe for plants than for animals at the KPB, the Paleocene was 
nevertheless a time of major origination of lineages across biota, and we expect further 
examples of KPB-related accelerated plant diversification to be discovered when 
inferring larger angiosperm timetrees.
The Added Complications of Paleopolyploidy on Evolutionary Inferences in Deep Time
The recent proliferation of genomic data is revealing just how prevalent repeated 
WGDs have been in the history of the angiosperms (e.g. Wendel, 2015; Soltis et al., 
2016; Yang et al., 2018; Cai et al., 2019; Conover et al., 2019) and how many large 
angiosperm clades are characterized by genome triplications (e.g. Pentapetalae, 
Brassicaceae, Asteraceae, Solanaceae). Here we show that there were also multiple 
WGDs during the early history of the legumes. It has been suggested that angiosperm 
WGDs are non-randomly distributed through time and significantly clustered around the 
KPB (Fawcett et al., 2009; Vanneste et al., 2014; Lohaus and Van de Peer, 2016), and 
we show that two of the early legume WGDs are also temporally close to the KPB (Fig. 
5), lending further support to the idea that polyploid survival and establishment were 
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enhanced at or soon after the KPB with its associated rapid turnover of lineages 
(Lohaus and Van de Peer, 2016; Levin and Soltis, 2018). WGDs have also been 
hypothesized to trigger accelerated rates of lineage diversification at least in some 
lineages, albeit potentially after a time lag (Schranz et al., 2012; Tank et al., 2015; 
Landis et al., 2018; Smith et al., 2018a). The three legume WGDs we detected are each
associated with rapid divergence of lineages as indicated by lack of support and short 
internodes along the legume backbone (LPWG, 2017; Koenen et al., submitted) and at 
the bases of subfamilies Detarioideae (de la Estrella et al., 2017 and 2018) and 
Papilionoideae (Cardoso et al., 2012 and 2013). Polyploidy could have helped ancestral
legumes and other plant lineages to both survive the mass extinction event and rapidly 
diversify owing to differential gene loss and other processes of diploidization (Adams 
and Wendel, 2005; Dodsworth et al., 2016). Increased polyploid speciation and reduced
diploid speciation in the wake of the KPB (Levin and Soltis, 2018) would then lead to 
over-representation of these WGD-derived lineages in the extant flora and clustering of 
WGDs around the KPB. On the other hand, many paleopolyploidy events that 
significantly pre- and post-date the KPB are known (e.g. Angiospermae (Jiao et al., 
2011), Pentapetalae (Jiao et al., 2012), Salicaceae (Tuskan et al., 2006), Caryophyllales
(Yang et al., 2018), Gossypium (Wendel, 2015)), Malpighiales  (Cai et al., 2019), 
including in legumes (e.g. Glycine, Genisteae, the Leucaena group, Vachellia), and 
more extensive sampling of recently diversified groups may well reveal a weaker pattern
of clustering around the KPB, or a pattern of WGDs associated with episodes of rapid 
global change more generally (Cai et al., 2019).
Alongside rapid diversification and consequent lack of phylogenetic signal, the 
WGD events along the legume backbone and subtending subfamilies Detarioideae and 
Papilionoideae are likely to have contributed to the difficulties of obtaining phylogenetic 
resolution for the deep nodes in these clades (Cardoso et al., 2012 and 2013; de la 
Estrella 2018; Koenen et al., submitted). WGDs may have promoted increased lineage 
diversification rates resulting in short internodes and ILS. If the polyploidy event 
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happened some time before the first divergences in the legume family, or in the case of 
allopolyploidy, this could have led to divergent gene copies prior to lineage splitting 
which should make orthology detection easier. However, if the polyploidy event 
happened shortly before rapid cladogenesis, potentially a large fraction of paralogous 
gene copies would not have diverged at this point, making orthology detection 
challenging. In both cases, paralogous or homoeologous gene copies will have 
subsequently been differentially lost, pseudogenized or sub- or neo-functionalized, 
further complicating correct orthology detection (Wendel, 2015; Cheng F. et al., 2018). 
Together with ILS, this could explain the large fraction of gene trees supporting 
alternative topologies at the root of the legumes (Koenen et al., submitted). An 
allopolyploid event involving two or more early legume lineages (Fig. 4) offers an 
alternative explanation for gene tree discordance, but discriminating between these 
alternatives is not straightforward. It is notable that several other large plant clades, 
such as Pentapetalae (Zeng et al., 2017), Asteraceae (Barker et al., 2016; Huang et al., 
2016), Brassicaceae (Couvreur et al., 2010; Huang et al., 2015) and Malvaceae 
(Conover et al., 2019), also appear to show similar lack of resolution in clades 
subtended by WGDs to that revealed here for the legume family and subfamilies 
Papilionoideae and Detarioideae. This suggests that the association of polyploidy with 
rapid divergence, which leads to a lack of phylogenetic signal and gene tree conflict, is 
potentially a common feature in the evolution of angiosperms and the origination of 
major plant clades.
A large number of homolog clusters do not show gene duplications along the 
backbone of the legumes or any of the subfamilies, suggesting that loss of paralog 
copies is widespread, as observed for ancient WGDs more generally (Adams and 
Wendel, 2005; Dehal and Boore, 2005; Brunet et al., 2006; Scannel et al., 2007). If 
many of those losses occurred along the stem lineages of the six subfamilies after their 
divergence, this could lead to different paralog copies being retained in different 
lineages, adding to conflict among gene trees. Loss of paralog copies along stem 
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lineages of subfamilies will also make it difficult to distinguish whether a gene 
duplication corresponds to a WGD that is shared among two or more subfamilies, or 
whether it represents a subfamily-specific nested WGD. Lack of support in those 
homolog trees showing gene duplications further complicates this issue, making it 
potentially extremely challenging to accurately reconstruct the history of WGDs and 
phylogenetic relationships. Given these difficulties, sampling a wider range of complete 
genomes will be important, since with transcriptome data it is unknown whether 
duplicate gene copies are lost or simply not expressed in the tissue from which the RNA
was extracted. Furthermore, increased taxon sampling will help to counteract negative 
impacts of missing data, since particular duplicate gene copies may have been lost in all
species sampled here, but not necessarily across the whole clade or subfamily which 
those species represent. Despite all these complications, the set of analyses presented 
here make it possible to reject some hypotheses such as an independent WGD 
subtending Caesalpinioideae, while also guiding us to formulate a new hypothesis 
involving ancient allopolyploidy (Fig. 4b representing the most likely scenario) that can 
potentially reconcile the large number of gene duplications inferred to have occurred at 
the root of the legumes (Fig. 1), with the presumed non-polyploid history of Cercis (Stai 
et al., 2019). In combination with ILS, this allopolyploid scenario can explain the 
discordant gene tree topologies observed at the base of the legume phylogeny (Koenen
et al., submitted) and the distribution of duplicate gene copies across subfamilies, 
highlighting the complexity of the initial diversification and early genome evolution of the
legumes.
Moreover, the observed complexity may be only an approximation of the full 
complexity of genome evolution and polyploidy that occurred in legumes in association 
with the KPB. These WGD events occurred c. 66 Ma and much of the evidence has 
been obscured by subsequent genome reorganization and loss of the large majority of 
duplicate gene copies. These issues limit the level of complexity that can be inferred for 
such ancient events compared to more recently evolved polyploidy. For instance, many 
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cases of polyploid complexes are known in the angiosperms, in which within a group of 
closely related species, recurrent allo- and autopolyploidy have led to extremely 
complex genomic relationships and variable ploidy levels, such as in the well-studied 
perennial soybean polyploid complex (Doyle, 2004). If a similar polyploid complex gave 
rise to the six major legume lineages, these could have had different ploidy levels with 
differing ancestries of subgenomes in cases of allopolyploidy. 
Finally, alongside the need to further develop and extend methods to analyze 
ancient WGDs, we stress again the need for further genome sequencing in legumes 
and other Fabales, something that will be forthcoming as part of the 10KP initiative (S. 
Cheng S. et al., 2018). Currently, high quality well annotated genome assemblies are 
only available for Papilionoideae. Having similar data for all six legume subfamilies and 
closely related families would make it possible to further disentangle the early genome 
evolution of legumes by comparing conserved synteny blocks, detecting genomic 
rearrangements and reconstructing chromosomal evolution and the ancestral  
karyotype, as has recently been done for vertebrates (Sacerdot et al., 2018) and birds 
(Damas et al., 2018), as well as providing ample other opportunities to further enhance 
our understanding of legume evolution and diversification.
Concluding Remarks
It is becoming increasingly clear that the origin and early evolution of the legumes
followed a complex scenario with multiple nested auto- and/or allopolyploidy events, 
and rapid divergence of the six main lineages against the background of a mass 
extinction event that led to major turnover in the Earth's biota and biomes. WGD likely 
contributed to the survival and evolutionary diversification of the legumes in the wake of 
the KPB mass extinction event, and contributed to the rise to ecological dominance of 
legumes in early Cenozoic tropical forests. At the same time, these events make it more
difficult to reconstruct aspects of the early evolutionary history of the clade, including 
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evolutionary relationships, divergence time estimates and the phylogenetic location of 
the WGD events themselves. The similarities between the origins of the legumes and 
those of other major Cenozoic clades such as mammals and birds are striking. All three 
of these prominent Cenozoic clades show recalcitrant basal polytomies and parallel 
trajectories of rapid early divergence closely associated with the KPB, further 
emphasizing the importance of the KPB mass extinction event and the earth system 
succession that followed in its aftermath (Hull, 2015) in shaping the modern biota.
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Supplementary Information (see Appendix IV on page 242)
Table S1. Taxon occupancy per analysis..
Table S2. Age intervals specified for the fossil calibration priors under different 
alternative priors.
Table S3. Node age estimates and priors (95% HPD intervals) of nodes A-H in the 
different analyses.
Figure S1. Examples of homolog clusters with gene duplications in legumes that 
passed the bootstrap filter. Yellow stars behind nodes indicate locations of gene 
duplications, numbers on nodes indicate bootstrap support. The plotted gene trees are 
extracted from (a) cluster3675_1rr_1rr, showing a duplication subtending Detarioideae, 
(b) cluster1032_1rr_1rr, showing a duplication subtending Papilionoideae, (c) 
cluster1248_1rr_1rr and (d) cluster2941_1rr_1rr, both with a duplication subtending the 
legume family. Trees for (e) cluster51_7rr_1rr and (f) cluster544_1rr_1rr show evidence 
of more than one duplication, including one specific to Papilionoideae in the former.
Figure S2. Numbers of gene duplications mapped across the species tree as estimated
by Phyparts. The topology used is the ML topology of the nuclear concatenated 
alignment of 1,103 genes, duplications were counted from 8,038 homolog clusters. 
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Numbers above branches (with blue background) and below branches (with yellow 
background) represent numbers of duplications and numbers of homolog trees with 
duplications without or with a bootstrap filter of 50%, respectively.
Figure S3. Numbers of gene duplications mapped across the species tree as estimated
by Notung. The topology used is the rosid portion of the ML topology of the nuclear 
concatenated alignment of 1,103 genes, duplications were counted from 8,324 homolog
clusters.
Figure S4. Numbers of gene duplications mapped across a non-binary species tree as 
estimated by Notung. The topology used is the rosid portion of the ML topology of the 
nuclear concatenated alignment of 1,103 genes, with poorly supported relationships 
collapsed. duplications were counted from 8,324 homolog clusters.
Figure S5. Root-to-tip lengths per taxon with partitions of fixed local clocks indicated. 
Pruned taxa with outlier root-to-tip lengths are indicated with an X, partitions are 
indicated with colors. (a) FLC3, (b) FLC6, (c) FLC8.
Figure S6. Chronogram estimated under the UCLN clock model. Numbers behind 
nodes indicate 95% HPD intervals. Substitution rate is indicated by colored branches, 
as indicated by the color legend, in substitutions per site per million years. Fossil 
calibrations as listed in Table 1 are indicated by blue labeled circles.
Figure S7. Chronogram estimated under the UCLN clock model, with alternative prior 2.
Numbers behind nodes indicate 95% HPD intervals. Substitution rate is indicated by 
colored branches, as indicated by the color legend, in substitutions per site per million 
years. Fossil calibrations as listed in Table 1 are indicated by blue labeled circles.
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Figure S8. Chronogram estimated under the RLC model. Numbers behind nodes 
indicate 95% HPD intervals. Substitution rate is indicated by colored branches, as 
indicated by the color legend, in substitutions per site per million years. Fossil 
calibrations as listed in Table 1 are indicated by blue labeled circles.
Figure S9. Chronogram estimated under the FLC3 model. Numbers behind nodes 
indicate 95% HPD intervals. Clock partitions are indicated by colored branches. Fossil 
calibrations as listed in Table 1 are indicated by blue labeled circles.
Figure S10. Chronogram estimated under the FLC6 model. Numbers behind nodes 
indicate 95% HPD intervals. Cock partitions are indicated by colored branches. Fossil 
calibrations as listed in Table 1 are indicated by blue labeled circles.
Figure S11. Chronogram estimated under the FLC8 model. Numbers behind nodes 
indicate 95% HPD intervals. Clock partitions are indicated by colored branches. Fossil 
calibrations as listed in Table 1 are indicated by blue labeled circles.
Figure S12. Chronogram estimated under the FLC8 model, with alternative prior 1. 
Numbers behind nodes indicate 95% HPD intervals. Clock partitions are indicated by 
colored branches. Fossil calibrations as listed in Table 1 are indicated by blue labeled 
circles, with alternative calibrations as red circles.
Figure S13. Chronogram estimated under the STRC model. Numbers behind nodes 
indicate 95% HPD intervals. Fossil calibrations as listed in Table 1 are indicated by blue 
labeled circles.
Figure S14. Substitution rates as estimated in FLC8 analyses for the different clock 
partitions. Boxplots for each partition for (a) alternative prior 1 and (b) the “normal” prior 
setting. Colors correspond to the partitions as shown in Figures 5, S14, S15 and S18.
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Figure S15. Histograms of age estimates of duplication nodes, for (a) the duplications 
mapped to the legume crown node in the Notung analysis and for duplication nodes in 
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High-throughput sequencing of target enrichment DNA libraries is increasingly used to 
enhance phylogenetic resolution. Sequencing large numbers of nuclear gene markers also 
opens up opportunities to quantify gene tree discordance and explore the underlying reasons 
why some parts of the Tree of Life are difficult (or potentially impossible) to resolve. However, 
it is not clear how to best select the markers to target, nor how to assemble the resulting raw 
read data into orthologous loci. Here we explore these questions to generate a well resolved 
generic backbone phylogeny for the mimosoid legumes (Leguminosae: Caesalpinioideae-
mimosoid clade), a prominent pantropical angiosperm clade of c. 3300 spp. of mostly trees 
and shrubs which occur abundantly across all major lowland tropical biomes. Previous 
mimosoid phylogenies  have shown that none of the traditionally recognized mimosoid tribes 
are monophyletic, and revealed the non-monophyly of the largest genus, Acacia. Previous 
phylogenies also showed complete lack of resolution across the Ingioid clade, a large 
pantropical group comprising c. 38 genera and more than 2,000 species, within which generic
delimitation remains in a state of considerable flux. We present a complete phylogenomics 
protocol using hybrid capture, from generating four newly sequenced transcriptomes 
spanning the mimosoid phylogeny, and selecting 964 targeted genes using a custom 
bioinformatics pipeline, to assembling and analysing the captured DNA sequence data. We 
enriched for and sequenced these genes for 115 mimosoids and 7 outgroup taxa using a 
custom target capture kit. We use maximum likelihood and Bayesian phylogenetic inference 
on concatenated alignments and a multi-species coalescent method to estimate the species 
tree. We also evaluate gene tree support and conflict and use phylogenetic network analysis 
to investigate phylogenetic signal across loci. We greatly improve phylogenetic resolution 
across the mimosoid phylogeny and show that the Ingioid clade can be resolved into four 
robustly supported larger and three smaller sub-clades, providing a framework for future 
reclassification. However, the deeper internodes along the backbone of this clade cannot be 
resolved with high certainty and nearly all loci show a lack of phylogenetic signal across that 
part of the phylogeny. We suggest this is mainly caused by hyperfast speciation during the 
early evolution of this clade, leading to ILS and poorly estimated gene trees lacking 
resolution. Further sampling is necessary to represent non-monophyletic and a few missing 
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genera, and to further enhance the mimosoid phylogeny, generate a robust new generic 
system for the Ingioid clade, and explore the timing and rates of diversification across the 
large pantropical Ingioid radiation.
Keywords: Hybrid capture, Leguminosae, Fabaceae, mimosoids, phylogenomics, hard 
polytomy
The field of plant phylogenetics has had tremendous impacts on botanical studies and
taxonomic classification, macroevolution and biogeography, ever since pioneering studies 
inferred the first molecular phylogenies of plant taxa (Chase et al., 1993). While those early 
studies used only a single locus, the plastid gene rbcL, modern studies often employ 
hundreds to several thousands of genes to infer phylogenetic relationships (e.g. Lee et al., 
2011; Wen et al., 2013; Wickett et al., 2014; Yang et al., 2015; Zeng et al., 2017). Many recent
plant phylogenetic studies use some form of targeted enrichment (Cronn et al., 2012; 
Lemmon & Lemmon, 2013), and hybrid capture is now one of the most widely used methods 
for phylogenomics (e.g. Mandel et al., 2014; Weitemier et al., 2014; Nicholls et al., 2015; 
Jones & Good, 2016; Sass et al., 2016; Johnson et al. 2018; Couvreur et al., 2019; Ojeda et 
al., 2019). Methods for selecting genes (e.g. Vatanparast et al., 2018; Johnson et al., 2018) 
and assembling and analysing the captured DNA sequence data are rapidly emerging. For 
example, a number of pipelines are available to assemble gene matrices from the captured 
loci (Yang & Smith, 2014; Johnson et al., 2016; Moore et al. (2017), but each of these 
approaches has pros and cons, and there is no universally accepted protocol.
At the same time, it has become clear that many polytomies, i.e. parts of the Tree of 
Life that are difficult to resolve, are rife with conflicting gene tree histories, caused by lack of 
phylogenetic signal (Salichos & Rokas, 2013; Shen et al., 2017), incomplete lineage sorting 
(ILS), hybridization and/or horizontal gene transfer, or combinations of these (Rokas et al., 
2003; Salichos & Rokas, 2013; Suh et al., 2015; Copetti et al., 2017; Moore et al., 2017; 
Walker et al., 2018; Koenen et al., to be resubmitted). Many of these issues are particularly 
associated with rapid episodes of species divergence and diversification, i.e. evolutionary 
radiations. Detailed analyses of phylogenetic signal and conflict across large numbers of gene
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trees can shed light on what factors are causing lack of resolution and determine whether 
they should be represented, in extreme cases, as candidate hard polytomies (Suh , 2016), i.e.
episodes of (nearly) instantaneous speciation of three or more lineages.
Here, we use hybrid capture to enrich a set of 964 putative low copy genes with the 
goal of inferring a robust generic backbone phylogeny for the mimosoid legumes, which 
include a large clade which has been particularly recalcitrant to phylogenetic resolution. The 
mimosoid clade (LPWG, 2017), formerly subfamily Mimosoideae, comprises c. 3,300 species 
in c. 87 genera of trees, shrubs, geoxyles and lianas. Highly characteristic of the clade is the 
diversity of inflorescence types composed of many small flowers where the colourful stamens 
are the most conspicuous floral whorl, the inflorescence is the unit of pollinator attraction, and 
in many genera pollen is aggregated into, often large, polyads. In turn, flower morphology is 
relatively uniform across mimosoids, with mainly quantitative variation in sizes of organs, 
numbers of floral parts and the degree of fusion within whorls. Based on a few conspicuous 
floral characters, the clade has been divided into three large tribes: Mimoseae (10 or fewer 
free stamens), Acacieae (usually > 30 free stamens) and Ingeae (usually > 30 stamens partly 
fused into a tube), which have all been shown to be non-monophyletic (Fig.1) (Luckow et al., 
2003, Luckow, 2005; LPWG, 2013). The smaller tribe Parkieae is also non-monophyletic and 
Parkia itself is nested within Mimoseae (Luckow et al., 2003), as is the monotypic tribe 
Mimozygantheae (Luckow et al., 2005). With a dysfunctional tribal classification, generic 
affinities have increasingly been referred to informally-named clades (e.g. Hughes et al., 
2003), and informal generic groups (Lewis et al., 2005) or alliances (Barneby & Grimes, 
1996). Many genera also remain poorly defined and have been shown, or are suspected, to 
be non-monophyletic, and generic delimitation remains in a state of considerable flux, 
frustrated by what appears to be rampant morphological homoplasy and lack of phylogenetic 
resolution. This has been especially the case for tribe Ingeae, where different authors have 
proposed starkly discordant generic systems (see Table 1 in Brown, 2008). In particular, the 
genus Albizia is poorly defined and its delimitation remains one of the most challenging 
taxonomic problems in the legume family.
Most species of mimosoids occur in the tropics, with major centres of diversity in 





Figure 1. Mimosoid phylogeny, classification and diversity. a) Majority-rule bootstrap consensus tree from 1000 
bootstrap replicates of the matK phylogeny from LPWG (2017), indicating the position of the mimosoid clade 
(crown node indicated by a blue triangle) within subfamily Caesalpinioideae (shaded orange) and showing that 
the Ingioid clade (crown node indicated by a yellow circle) is the least resolved portion of the legume phylogeny. 
b) Majority-rule Bayesian consensus tree for the mimosoid clade, extracted from the matK phylogeny of LPWG 
(2017), highlighting the non-monophyly of mimosoid tribes Parkieae (dark blue), Mimoseae (pink), Acacieae 
(yellow) and Ingeae (green). The monotypic Mimozygantheae (light blue) is nested in Mimoseae. c) From left to 
right, top to bottom: Pod valves of Pentaclehtra macrophylla, spicate inflorescence of Entada chrysostachys, 
heteromorphic inflorescences of Dichrostachys akataensis and likewise for Parkia bahiae, compound 
inflorescence of Vachellia karroo, capitate inflorescence of Mimosa blanchetii, spicate inflorescence of Senegalia
ataxacantha, capitate inflorescence of Calliandra fuscipila, dehisced fruit with seeds suspended on arillodia in 
Pithecellobium diversifolium, flowers of Inga subnuda, dimorphic inflorescence with enlarged central flowers of 
Hydrochorea corymbosa and likewise for Albizia grandibracteata, spicate inflorescences of Acacia longifolia. All 
photos by EK.
every lowland tropical biome or vegetation type (except mangroves) and are abundant and 
diverse in both seasonally dry habitats (savannas and seasonally dry forests of the succulent 
biome sensu Ringelberg et al., submitted) where they often dominate, and wet forests, where 
certain clades are ubiquitous, e.g. the genus Inga and allies in American tropical wet forests 
where the genus Inga is thought to represent a recent rapid species radiation (Richardson et 
al., 2001). Mimosoids have apparently re-invented themselves numerous times to inhabit 
either rainforests, savannas or seasonally dry tropical forests (SDTFs sensu Pennington 2000
& 2009; the succulent biome sensu Gagnon et al. 2019; Ringelberg et al. submitted). 
Because of their prominence in diverse tropical lowland biomes, the mimosoid clade offers an
excellent study system to investigate adaptation along the gradient from ever-wet to 
seasonally dry and arid tropical climates, as well as the extent of phylogenetic biome 
conservatism vs biome shifting. However, a well-resolved species tree for comparative 
analyses is lacking. Lack of resolution is particularly stark in the large Ingeae and Acacieae 
p.p. clade (Figs. 1a & b) (Luckow et al., 2003; Miller et al., 2003; Brown et al., 2008; 
Bouchenak-Khelladi et al., 2010; LPWG, 2017), hereafter referred to as the Ingioid clade. This
clade includes some 2,000 species in c. 38 genera, but the relationships among these genera
are largely unknown, even although all were sampled in the most comprehensive legume 
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phylogeny to date (Fig. 1) (LPWG, 2017). In fact, this clade appears to represent the least 
resolved part of the legume phylogeny as a whole (Fig. 1a).
In this study, we present a complete phylogenomics project using hybrid capture, from
generating transcriptome data and selecting targeted genes to assembling and 
analysinganalysing the captured DNA sequence data for a large set of accessions of the 
mimosoid clade. The targeted genes were selected using a custom pipeline, which has 
recently also been used to select loci for other taxonomic groups (Couvreur et al., 2019; 
Ojeda et al., 2019) and which is potentially useful across all taxonomic groups. Using these 
genome-scale data we generate a robust generic backbone phylogeny for the mimosoid 
clade. We focus especially on the large, poorly resolved Ingioid clade, to try to understand 
why relationships in this clade have been so contentious. To address this question, we also 
investigate (the strength of) conflicting signals across gene trees and use phylogenetic 
network approaches to assess whether the evolution of the Ingioid clade is tree-like or 
polytomous. 
Methods
This study describes a complete phylogenomics project using hybrid capture, from 
generating transcriptome data and selecting targeted genes (Fig. 2) to assembling and 
analysinganalysing the captured DNA sequence data (Fig. 3) for a large set of accessions of 
the mimosoid clade. 
RNAseq to generate genomic resources
With no fully sequenced genome for mimosoids available when we started this study, 
we generated transcriptome data for four mimosoid genera to select nuclear markers for 
targeted enrichment. For the species Albizia julibrissin, Entada abyssinica and Microlobius 
foetidus, seedlings were grown at the Botanic Garden of the University of Zurich, and RNA 
extracted from young leaves and shoot tips, as well as roots (A. julibrissin), using the RNeasy 
Mini kit (Qiagen). Libraries for sequencing were produced using the TruSeq RNA Library Prep
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kit (Illumina) and sequenced 3-plex on an Illumina HiSeq-2000 sequencer, at the Functional 
Genomics Center in Zurich. Raw data were cleaned with prinseq-lite (Schmieder & Edwards, 
2011), and transcriptomes assembled using Trinity (Grabherr et al., 2011; Haas et al., 2013) 
with default settings. In addition, transcriptome data for three species of Inga were generated 
at the Royal Botanic Gardens in Edinburgh following the same procedures. The separate 
assemblies for the three Inga species were combined into a non-redundant set of transcripts 
by running BLAST searches of the largest assembly against the second largest transcriptome
assembly and adding all transcripts without a significant hit (e-value cut-off 1e-10) in the latter.
This procedure was then repeated for the third species.
Selecting putative single copy genes
From the four transcriptome data sets, putative single- or low-copy nuclear genes 
were selected, using a procedure inspired by Wu et al. (2006) (Fig. 2). This procedure has 
recently also been used by Couvreur et al. (2019) and Ojeda et al. (2019), but as it was first 
designed for the mimosoid bait set, it is described in more detail here. First, for each of the 
four transcriptome data sets, TransDecoder was used to predict open reading frames (ORFs) 
and translate those to protein sequences, using default settings. Highly similar proteins were 
removed to reduce redundancy (that is, keeping only one protein sequence per gene and 
removing multiple alleles and isoforms) with CD-HIT (Li & Godzik, 2006). This was repeated 
with four cut-off values (90, 95, 97 and 99% identity), to avoid either clustering paralogous 
sequences with relatively low divergence, or keeping alleles and isoforms with relatively high 
divergence. This means that the following steps were each repeated four times, and from 
each repetition, only the putative orthologs that were more divergent among and less 
divergent within taxa were kept. For each transcriptome, we performed a BLAST search of 
the CD-HIT output against itself (“selfBLAST”) with an e-value cut-off of 1e-10, and 
sequences with multiple hits within the same transcriptome were removed to eliminate gene 
families. Next, a reciprocal best hit (RBH) algorithm was implemented in a custom python 
script, to compare the four transcriptome data sets after removing redundancy and gene 
families. This is an extension of the RBH triangulation method of Wu et al. (2006), where a set
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Figure 2. Target gene selection workflow, indicating the number of sequences and loci retained at each step. 
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of four sequences are considered as a putative ortholog if all possible pairwise reciprocal 
BLAST searches among the four transcriptomes yield the same RBH (Fig. 2). This works as 
follows: first, we take the first sequence of the transcriptome that we want to design the baits 
from (in our case Albizia) and run a BLAST search against one of the other transcriptomes; 
the best hit from the second transcriptome is then used as a query for a BLAST search 
against the first transcriptome, and when the original sequence that we started with is 
recovered as the best hit, this is considered an RBH. This is repeated for all combinations of 
transcriptomes by taking the sequence of the previous RBH and running a BLAST search  
against another transcriptome. This procedure was repeated for all sequences from the first 
transcriptome and then sequences from the four transcriptomes that gave an RBH across all 
pairwise BLAST searches which were written to separate FASTA files for each putative 
ortholog. Putative orthologs in which sequence length varied by more than 5% were 
discarded as an additional quality control step. From the resulting FASTA files, we performed 
a phylogenetic congruence test similar to that of Wu et al. (2006). Orthologs were aligned with
MAFFT using the G-INS-i algorithm (Katoh et al., 2005), alignments trimmed with BMGE with 
default settings (Criscuolo et al., 2010) and rapid bootstrap analyses carried out with RAxML 
under the PROTCATLGF model (Stamatakis, 2014). If the resulting 95% bootstrap consensus
topology was incongruent with the previously known, and well established relationships 
among the four taxa (Fig. 2), the putative ortholog was discarded. After running these 
procedures for each of the four different CD-HIT cut-off values, the resulting ortholog sets 
were combined as the ‘RBH4’ set.
Additionally, an ‘RBH3’ set was generated by comparing just the three largest 
transcriptomes (Albizia, Entada and Microlobius), but omitting the phylogenetic congruence 
test (because a minimum of four taxa are needed to infer a phylogeny). A third set of putative 
orthologs was generated by running RBH comparisons among the two largest transcriptomes 
(Albizia and Microlobius), to sets of genes found by De Smet et al. (2013) to be strictly or 
mostly single copy across 20 angiosperm genomes (using sequences of Arabidopsis 
thaliana). This third set is split into two subsets referred to as ‘SSC’ (strictly single copy) and 




For bait design, the sequences of the Albizia julibrissin transcriptome were used, as 
the genus Albizia and allied genera are the focus of an ongoing project in Zurich, and this will 
increase successful capture for these taxa. We test the effectiveness of these baits across the
mimosoid clade plus closely related genera of Caesalpinioideae. Intron-exon boundaries were
predicted for all transcripts in the four ortholog sets (RBH4, RBH3, SSC and MSC), by 
running BLAST searches against a custom database combining the Arabidopsis thaliana 
(Lamesh et al., 2011), Medicago truncatula (Young et al., 2011) and Glycine max (Schmutz et 
al., 2010) genomes. For the genome database, gene models including introns were used, and
the coordinates to which our transcripts aligned were used to partition sequences for each 
predicted exon to avoid designing baits spanning intron-exon boundaries. This step is not 
essential but is likely to increase the efficiency of the capture. In addition to coding 
sequences, we also included 120bp of the 3’-UTR and 240 bp of the 5’-UTR, but sequences 
obtained for these regions are not analysed further here. Furthermore, additional target genes
were added that included functionally interesting genes and genes targeted for separate 
studies in Inga (Nicholls et al., 2015), but again, none of these genes are analysed here as 
we focus on the low copy loci selected for phylogenetic analysis. Final bait design was carried
out by Mycroarray (now Arbor Biosciences), with 3x tiling, and RNA baits were synthesized as
part of the myBaits Custom Target Capture kit. 
DNA extraction, library preparation, hybrid capture and sequencing
We extracted DNA for 122 accessions, representing 74 of the c. 87 currently 
recognized mimosoid genera and 6 closely related genera of non-mimosoid Caesalpinioideae
(voucher details in Table S1), using the Qiagen DNeasy Plant Mini Kit. Sequencing libraries 
were prepared with the NEBNext Ultra DNA Library Prep kit for Illumina (New England 
Biolabs), in combination with the NEBNext Multiplex Oligos for Illumina (both single and dual 
index kits). Libraries were quantified using qPCR and pooled prior to hybrid capture. Pools 
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consisted of 8-21 libraries based on approximate evolutionary distances to the species from 
which the baits were designed (e.g. species of Albizia were pooled together, species of 
closely related genera were pooled together in another pool, and species from more distantly 
related genera were pooled together in yet another pool, etc.). The different pools were then 
enriched for the targeted regions in separate reactions with the myBaits Custom Target 
Capture kit. Enriched pools were quantified and pooled into a single library that was 
sequenced on Illumina HiSeq 2000 at the Functional Genomics Center in Zurich.
  
Assembly of sequence data and aligned matrices
After demultiplexing, raw reads were processed with Trimmomatic (Bolger et al., 
2014) to remove adapter sequence artefacts and trim or remove low quality reads (using the 
settings MAXINFO:40:0.1 LEADING:20 TRAILING:20), and PEAR (Zhang et al., 2013) to 
merge overlapping read pairs (after removing adapter artefacts but before trimming). 
Resulting fastq files of quality filtered merged, paired and unpaired reads were used in a de 
novo assembly for each accession using the SPAdes assembler (Bankevich et al., 2012). 
From the resulting scaffolds, we extracted all ORFs of at least 300bp long between two stop 
codons with getorf (using the option -find 2) from the Emboss software suite. We reduced 
redundancy in the set of ORFs found for each accession with cd-hit, using an identity cut-off 
of 0.99. For all ORFs from each accession a BLAST search was carried out against the target
sequences and for each target a multifasta file was created. Each ORF for each accession 
was added to the target multifasta file for which it received the best BLAST hit under an e-
value cut-off of 1e-10, resulting in multifasta files for each target with potentially multiple 
sequences per accession included, which we refer to hereafter as ‘clusters’ .
Numbers of reads on target were estimated by mapping the untrimmed reads to the 
bait sequences with BLAT (Kent, 2002), using a minimum sequence identity threshold of 70%.
Numbers of recovered loci were estimated with BLASTX, using protein sequences for the 964
targeted genes as the database and the SPAdes contigs as the query sequences, with a e-
value cutoff of 1e-10.
Using the fasta_to_tree.py script of Yang & Smith (2014), each cluster was aligned 
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with MAFFT, sites with excessive missing data were removed (with a minimum column 
occupancy of 0.3) and a tree was inferred for each cluster with RAxML. We used other scripts
of Yang & Smith (2014) to trim outlier long tips (with relative and absolute cut-offs of 0.1 and 
0.3, respectively), mask monophyletic and paraphyletic clusters belonging to the same taxon 
and cut deep paralogs (cutting internal branches above 0.3 and keeping subtrees of at least 
25 accessions). From the resulting trimmed subtrees, new multifasta files were created for a 
second round of tree inference, trimming and masking. However, for the second round we 
used MACSE (Ranwez et al., 2018), instead of MAFFT, to obtain more accurate alignments 
and TreeShrink (with quantile of trees to remove set to q=0.1; Mai & Mirabab, 2018) to trim 
tips, instead of relative and absolute cutoffs. Finally, after cutting deep paralogs again, we 
extracted all non-overlapping sub-clusters with at least 25 accessions using the maximum 
inclusion (MI) method of Yang & Smith (2014).
One limitation of the ortholog selection pipeline modified from Yang and Smith (2014) 
and used here to assemble gene matrices from the captured loci, is that while it is well-suited 
for distinguishing orthologs from paralogs, it does not deal with fragmented sequences 
representing different exons in a very satisfying way. Other available pipelines can potentially 
deal with this issue, but have other limitations. For example, the Hybpiper pipeline (Johnson 
et al., 2016) could potentially reconstruct longer gene sequences than the method applied 
here, but does not automatically sort different paralogs into separate gene alignments. 
Similarly, Moore et al. (2017) described a method to classify exons by their respective paralog
gene copies, which offers a promising approach, but it relies on having initial backbone gene 
family trees for all loci. However, since recombination may also take place in between 
different exons of the same gene, it is also possible that exons may be better evolutionary 
units to analyze than full gene sequences (Scornavacca & Galtier, 2017).
Besides analysing the targeted genes, we also extracted off-target reads with a 
BLAST hit against a chloroplast reference genome set of Inga leiocalycina (Dugas et al., 
2015; Genbank accession KT428296), Leucaena trichandra (Dugas et al., 2015; Genbank 
accession KT428297) and Erythrophleum fordii (Huang et al., 2018; Genbank accession 
MG644609), assembled chloroplast sequences for all accessions, and extracted the coding 
sequences gene by gene using a custom python script with BLAST searches. The clpP gene
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Figure 3. Workflow for phylogenetic ortholog selection and gene tree and species tree analyses.
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was discarded because it shows accelerated evolution (Williams et al., 2015; Dugas et al., 
2015), and yields a nonsensical gene tree. The accD gene has been lost from the chloroplast 
genome in several papilionoids, is highly variable in others (Magee et al., 2010), and is 
difficult to align across mimosoids so, we also removed this gene for phylogenetic analysis. 
The remaining 72 plastid genes were aligned with MACSE and concatenated with the pxcat 
program of the Phyx package.
Phylogenetics
The MI sub-clusters were aligned with MACSE (Ranwez et al., 2018) to yield codon 
alignments, codons with more than 95% missing data were removed using pxclsq from the 
Phyx package (Brown & Smith, 2017), and initial gene trees inferred with RAxML. Using 
TreeShrink with a relatively high quantile cut-off (q=0.25), we removed outlier long tips, to 
ensure a low error rate in the alignments. The drawback of this is that outgroup taxa and other
taxa outside the “core mimosoids” (here defined by mrca of Prosopis laevigata and 
Ingeae/Acacieae – see below) also get pruned relatively frequently from these loci, but, given 
that the mimosoid phylogeny in those parts is already well-characterized from previous work 
(Luckow et al., 2003; Bouchenak-Khelladi et al., 2010), this is unlikely to be problematic. 
For gene tree inference, codons with more than 75% missing data were removed from
the alignments, after which sequences shorter than 300bp and at the same time occupying 
less than 50% of the total aligned length were removed. Gene trees were inferred with RAxML
under the GTRGAMMA model with 200 rapid bootstrap replicates. Using pxlstr from the Phyx 
package root-to-tip variance was estimated to discover outlier gene trees that might have 
originated from poor orthology inference or alignment artefacts. After inspecting a subset of 
gene trees, we decided to discard all those with a root-to-tip variance > 0.01. Gene trees were
used to calculate Internode Certainty All (ICA) values using RAxML (Kobert et al., 2016), for 
species tree analysis using ASTRAL-III (Zhang et al., 2018), and for phylogenetic 
supernetwork analysis. ASTRAL-III analyses were done on the best Maximum Likelihood 
(ML) gene trees, and subsets of gene trees with more than 25 or 50% of the accessions 
present to check if the analyses are sensitive to including gene trees with a lot of missing 
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data. We also ran the polytomy test in ASTRAL-III (Sayyari & Mirabab, 2018) to see for which 
nodes a polytomy null model could not be rejected. 
Another way to analyze conflicting signals across gene trees is to infer a filtered Z-
closure supernetwork (Whitfield et al., 2008). For deciding which splits to take into account we
used the ‘mintrees’ parameter, allowing us to infer multiple networks including rarer splits or 
only fewer, more commonly observed, and therefore better supported, splits. For phylogenetic
supernetwork analysis, we pruned all gene trees to a selection of taxa from the Ingioid clade 
representing all main lineages within it that were present in large proportions of the gene 
trees, yielding a total of 878 gene trees in which at least more than half of the selected Ingioid
taxa were represented (at least 6 out of 11). All pruned gene trees with less than half of the 
selected taxa present were discarded. Phylogenetic supernetworks were constructed using 
Splitstree 4 (Huson, 1998), using different cut-offs for the MinTrees setting, representing 2.5, 
5, 7.5 and 10% of the total number of gene trees.
For the concatenated alignments, codons that only had unambiguous characters for 
less than 10% of the total number of accessions were removed. Both nucleotide and 
translated peptide alignments of loci with more than half of the taxa present were 
concatenated with pxcat of the Phyx package. Loci for which the gene tree had a root-to-tip 
variance >0.01 were discarded prior to concatenation. Concatenated alignments, including 
the chloroplast alignment, were analysed with RAxML, using the GTRCAT model for DNA 
sequences and the PROTGAMMALG4X model for protein sequences (Le et al., 2008), 
running 200 rapid bootstrap replicates for each. Finally, we carried out a gene jackknifing 
analysis with Phylobayes (Lartillot et al., 2013) using the CATGTR model, by dividing the loci 
randomly over four relatively equally sized concatenated protein sequence alignments with 10
replicates, running a total of 40 analyses for 1000 cycles. For faster convergence, the ML 
estimate of the concatenated analysis in RAxML was provided as a starting tree for the 
chains. The first 500 cycles of each replicate were discarded as burn-in prior to summarizing 
a majority rule consensus tree over all replicates.
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Visualizing gene tree discordance
Numbers of supporting and conflicting bipartitions for each node were extracted from 
the gene trees that had more than half the accessions present using Phyparts (Smith et al., 
2015). For this, gene trees first had to be rooted, which was done using pxrr from the Phyx 
package, with a list of outgroup taxa outside the “core mimosoids” ranked by their relative 
divergence from Ingeae/Acacieae. Additionally, we visualize proportions of supporting and 
rejecting gene trees for selected clades with DiscoVista (Sayyari et al., 2018), from the same 
set of gene trees for which at least half the accessions are present.
Results
Transcriptome sequencing, gene selection and bait design
Transcriptome sequencing statistics are in Table 1; FASTQ files with raw read data 
are available on the European Nucleotide Archive (ENA), under accession numbers XXXX; 
assembled transcripts are available through the Transcriptome Shotgun Assembly (TSA) 
database, accession numbers XXXX. Results from the gene selection procedure are 
summarized in Fig. 2. After running the pipeline with four different similarity cut-offs in CD-HIT,
we found 433 RBH4 and 334 RBH3 target genes. We recovered 320 MSC and 19 SSC 
genes, of which 134 and 8 genes respectively were already included in the RBH sets. 
Combining all gene sets we obtained a total of 964 low copy nuclear genes for enrichment. 
The complete coding sequences from the Albizia julibrissin transcriptome for these targeted 
genes are in Supplementary Data S1. The bait design included 24,856 probes at 3x tiling.
Targeted sequencing and data assembly
Sequencing and de novo assembly statistics for targeted sequencing for all 
accessions arepresented in Table S1. Accessions were enriched and sequenced in three  
separate batches, with different levels of multiplexing, which explains some of the variation
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Albizia julibrissin 65,129,217 Left: 60,128,377
Right: 57,345,882
153,721 104,184
Entada abyssinica 65,006,875 Left: 59,821,838
Right: 56,882,422
130,062 91,882
Microlobius foetidus 97,515,912 Left: 89,669,576
Right: 85,024,338
188,370 126,976
Inga (3 species, 
non-redundant set)
NA NA 106,589 45,139
observed in numbers of total reads and reads on target. Total read numbers varied from 
1,360,502 to 70,271,424. For the largest batch of samples, the enrichment was less efficient 
with number of reads on target between 3.81 and 17.77%, while for the two smaller batches it
varies between 69.00 and 85.27%. The percentage of reads on target is particularly low for 
taxa most distantly related to Albizia julibissin on which the bait sequences are based. Highly 
divergent sequences are not expected to be captured, but even so, these percentages may 
be exaggerated if the targeted sequences are highly divergent (<70% sequence identity to the
baits), given the mapping threshold that we employed. Despite the variable enrichment 
efficiency, we were able to reconstruct at least partial sequences for the large majority of loci 
across almost all taxa (Table S1), with the number of target loci recovered, as determined by 
BLASTX searches of the scaffolds, ranging from 644 to 957.
After ortholog detection, a total of 1,915 gene alignments were recovered (Fig. 3), 
representing 767 of the targeted genes. This means that clusters representing the 197 
remaining targeted genes were discarded because orthologous sub-clusters contained too 
few accessions, which may in turn be caused by poor phylogenetic resolution. For 279 
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targets, only a single gene alignment was recovered, i.e. they are putatively single copy. For 
the remainder of the gene alignments it is sometimes difficult to establish whether the multiple
alignments represent paralogous copies, multiple exon alignments for the same gene that 
became separated during phylogenetic ortholog detection, or gene alignments that were split 
into two taxon sets because of long internal branches. Using BLAST searches of the longest 
sequence of each gene alignment against the target sequences, it became clear that many of 
these do indeed represent different fragments (most likely exons) of the same gene. 
Furthermore, some of the multiple alignments for the same gene do not have any overlapping
accessions, suggesting they represent orthologous sequences for two distinct groups of taxa. 
It is thus not straightforward to accurately determine the precise number of paralog copies 
among the targeted genes.
The number of accessions per gene alignment ranged from 13 to 121, although there 
are not many alignments with fewer than 25 taxa, since this was the threshold used for 
extracting gene alignments from the homolog clusters, prior to running TreeShrink with a 
more stringent quantile percentage cutoff and removing sequences with a high proportion of 
missing data (Fig. 4a). At the same time, all gene trees estimated here are partial with respect
to the species tree, and the numbers of accessions per alignment are skewed towards fewer 
than half the accessions being present. Aligned length per gene alignment varied from 282 to 
2,526 bp, with few alignments below the threshold used to extract the alignments (300 bp) 
and a skew towards relatively short alignments (Fig. 4b). Taxon occupancy per locus shows a 
c. 4-fold difference, with generally higher occupancy for members of the Ingioid clade 
compared to more divergent taxa (Fig. 4c). However, even the least represented accession 
(Acaciella villosa), is still present in 274 gene alignments, which is likely sufficient to resolve 
its placement in the phylogeny, at least in concatenated analyses. Numbers of distinct 
alignment patterns, an indication of the phylogenetic informativeness of an alignment, show 
an uneven distribution across gene alignments, suggesting there are potentially only a few 
highly informative genes in the data set, but also few that are relatively uninformative. 
However, this does not indicate whether certain genes are particularly informative for deeper 





(previous page) Figure 4. Statistics for recovered loci. a) Number of accessions per locus, b) aligned length per
locus, c) taxon occupancy per locus (all vs rttvar = all loci or only those with <0.01 root-to-tip variance in the 
gene trees; all vs min31 vs min62 = without or with minimum taxon cut-offs of 25 or 50%, respectively), d) 
number of alignment patterns per locus and e) root-to-tip variance in the inferred gene trees, with the dashed line
at 0.01 indicating the cut-off for retaining or discarding loci.
Gene and species tree inference
Gene trees inferred from the gene alignments showed that 148 genes had relatively 
high root-to-tip variances (>0.01; Fig. 4e). Inspection of these gene trees suggests they are 
not suitable for phylogenetic reconstruction due to very marked branch length variation, 
making the inferred relationships unreliable. These gene trees were discarded and not 
analysed further. After excluding these loci, the remaining 1,767 loci were aligned giving a 
total aligned length of 861,525 bp, with 450,375 alignment patterns and 62.12% missing data. 
A second concatenated alignment for only those loci with at least half of the accessions 
included (510 genes/exons), has a total aligned length of 254,250 bp, or 84,750 amino acids 
with 176,713 or 73,179 alignment patterns, respectively, and 34.89% missing data. Jackknife 
alignments consist of between 127 and 129 genes with total aligned lengths of 19,949 to 
22,218 amino acids. The chloroplast alignment is 60,321 bp long, contains 16,589 alignment 
patterns and has only 17.33% missing data.
The concatenated ML and ASTRAL species tree analyses yielded highly supported 
and highly similar topologies, except for a relatively small number of internodes (Figs 5 & 6). 
ML analyses of the concatenated alignment of 510 loci (Figs. S1 & S2) show higher support 
and almost identical topologies. The Bayesian jackknife consensus tree (Fig. 6) shows a 
polytomy at the base of the mimosoid clade, involving the position of Chidlowia and several 
polytomies within the Ingioid clade, including a large one along the backbone of that clade.  
The chloroplast phylogeny (Fig. S3), confirms that sequence data for the chloroplast genome 
can be efficiently extracted and analysed from off-target reads in hybrid capture experiments 
(as shown by Weitemier et al., 2014). The plastid topology differs in some places from the 





(previous page) Figure 5. Generic backbone phylogeny of mimosoid legumes. Comparison between the 
concatenated ML and ASTRAL species trees, with grey shading indicating topological differences. a) RAxML tree
inferred from the full concatenated alignment (1,767 loci) with bootstrap support indicated for internodes that 
received less than 100%, and branch lengths in number of substitutions per site. b) ASTRAL species tree 
inferred from 1,229 loci with more than a quarter of the accessions present, with branch lengths in coalescent 
units. Local posterior probability is indicated for internodes that received less than 1, circles on nodes indicate 
those nodes for which a polytomy could not be rejected. Terminal branch lengths in the ASTRAL tree are set at 1
(instead of 0) for better visualization.
within the Ingioid clade. We do not discuss the chloroplast phylogeny further, but note it’s 
potential utility to study maternal inheritance in hybrids. All alignments and trees are included 
in Supplementary Data files S1-6, and TreeBase, accession number XXXXX.
Characterization of well-supported clades
The species trees provide evidence for 14 well-defined clades (Fig. 6) that receive 
high support in (almost) all analyses, and most of them are also well-supported across gene 
trees (Fig 7a).
The Xylia clade is defined as the clade that includes all genera from the monophyletic
Adenanthera group (Lewis et al., 2005) plus Pentaclethra. The clade includes two distinctive 
sub-clades: 1) the sub-clade of Xylia, Pseudoprosopis and Calpocalyx, which is restricted to 
Africa and Madagascar and characterized by sickle-shaped explosively dehiscent fruits; and 
2) the sub-clade comprising Adenanthera, Tetrapleura and Amblygonocarpus, with the former 
genus largely restricted to South-East Asia, and characterized by indehiscent or non-
explosively dehiscent fruits. Since Pentaclethra (sister to these two sub-clades, see Fig. 6) 
also has explosively dehiscent fruit, this is likely the ancestral fruit state of the Xylia clade. 
The Entada clade includes the genera Entada, Elephantorrhiza, Piptadeniastrum and
Aubrevillea, and has its centre of diversity in, and three of the four genera restricted to 
continental Africa. Entada is more widespread, with several species in Madagascar and a few 




Core mimosoids are here defined as the clade that includes the mrca of Prosopis 
laevigata, Dichrostachys cinerea and Inga edulis. This clade includes the bulk of mimosoid 
species and all of the larger genera. While there are no obvious morphological 
synapomorphies for the clade, it is subtended by a particularly long internode (Fig. 6), hence 
leading us to recognize the clade here.
The Dichrostachys clade includes the informal Dichrostachys and Leucaena groups 
(Hughes et al., 2003; Lewis et al., 2005), as well as Mimozyganthus, Piptadeniopsis and 
Prosopidastrum (Luckow et al., 2005), and the genera Neptunia and Lemurodendron. Most 
taxa in this clade are found in the succulent biome (Ringelberg et al., submitted) comprising 
seasonally dry tropical forest and thorn scrub (SDTF sensu Pennington et al., 2000 & 2009), 
with centres of diversity in Mexico and Central America (the Leucaena group) and 
Madagascar (the Dichrostachys group). Lemurodendron is monotypic, endemic to 
Madagascar, known until recently from only a handful of herbarium collections from the 
1960s, and of previously unknown phylogenetic affinities. We re-collected it in NW 
Madagascar in 2014 allowing us to include it here. The sister-group relationship of 
Lemurodendron with Neptunia is perhaps surprising given their disparate morphologies, but 
arguably Neptunia is morphologically unlike any other mimosoid due to its (semi-) aquatic 
lifestyle. While not restricted to it, nor universal within it, the presence of heteromorphic 
inflorescences with showy staminodes at the base, is highly characteristic of this clade.
The Vachellia clade consists of the genera Vachellia, Anadenanthera and Parkia. 
While these genera do not share any conspicuous morphological features, the clade is well 
supported in all analyses.
The informal Piptadenia group (sensu Lewis and Elias, 1981; and Luckow, , minus the
genus Anadenanthera) is here resolved into two well supported clades, the 
Stryphnodendron clade and the Mimosa clade. The former includes Parapiptadenia, 
Pityrocarpa, Pseudopiptadenia, Stryphnodendron, and Microlobius (not sampled here) (Simon
et al., 2015). The Mimosa clade includes Adenopodia, Mimosa and Piptadenia. The 
monotypic genus Lachesiodendron, recently segregated from Piptadenia (Ribeiro et al., 
2018), is placed outside both these clades and instead forms the sister-group of the 





(previous page) Figure 6. Well-defined and highly supported clades in the mimosoid phylogeny. Clades are 
annotated on the Bayesian jackknife majority-rule consensus tree, with posterior probability values for internodes
with less than 1.00 pp indicated. Coloured taxon names indicate non-monophyly of all but one of the alliances 
recognized by Barneby & Grimes (1996), as per the legend.
The Ingioid clade is well-supported in all analyses and is defined as the clade that 
includes all genera of tribe Ingeae plus Acacia and all its segregates except Vachellia (Fig. 6).
Like the core mimosoids, it is subtended by a relatively long internode. All taxa in the clade 
share the feature of flowers with more than 10 stamens, which is otherwise only present in 
Vachellia. Fusion of the stamens into a tube is exclusively found in this clade and 
characterizes most of the genera. Within this notoriously difficult and poorly-resolved clade, in
this study, we are able to recognize several well-supported sub-clades for the first time.
The Zapoteca clade includes the genera Faidherbia, Viguieranthus and Zapoteca, as
well as Sanjappa and Thailentadopsis (Souza et al., 2016), which are not sampled here. The 
clade has a pantropical distribution. Typical for this clade are the fruits elastically dehiscent 
from the apex, similar to those of Calliandra, and only lacking in Faidherbia. Spinescent 
stipules are found in Faidherbia, Sanjappa and Thailentadopsis.
The Pithecellobium clade is identical to the Pithecellobium alliance of Barneby & 
Grimes (1996). The clade is native to the Americas, has its center of diversity in Mexico and 
Central America, and is characterized by spinescent stipules.
The Cojoba clade apart from Cojoba itself, includes Lysiloma and Hesperalbizia and 
is also native to the Americas, centered in Central America and the Caribbean.
The Australasian clade includes the largest genus of mimosoids, the predominantly 
Australian Acacia s.s., the large genus Archidendron that is widespread in South-East 
continental Asia, Malesia and the Pacific, as well as Archidendropsis, Falcataria, 
Pararchidendron, Paraserianthes and Serianthes. The species Albizia splendens, previously 
segregated as Serialbizzia along with one other species of Albizia (…; Nielsen …), is nested 
in this clade. Wallaceodendron (not sampled here), is also tentatively included in this clade. 
Because the clade is almost entirely restricted to Australasia and the Pacific region, its 
informal name refers to its biogeography. 
The Jupunba clade is largely composed of the Abarema alliance of Barneby & 
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Grimes (1996), with the exclusion of the type species of Abarema (A. cochliacarpos which is 
nested in the Inga clade), and hence we name the clade after A. jupunba, the epithet of which
is also a later synonym of Abarema and the likely generic name for transferring most of the 
Abarema species (Iganci et al., 2016). The American species of the genus Albizia, placed in 
section Arthrosamanea by Barneby & Grimes (1996), are included here and form the sister 
group to rest of the clade. Apart from the exclusively Neotropical Abarema alliance and 
Albizia sect. Arthrosamanea, the African Cathormion obliquifoliolatum is also nested in this 
clade. Together with C. rhombifolium (not sampled, also African), C. obliquifoliolatum is 
morphologically highly similar to the Neotropical Hydrochorea, with the water-dispersed seed 
presumably having facilitated trans-atlantic dispersal. Dimorphic flowers are found in the 
majority of species across the clade.
The Inga clade includes the Neotropical genera Blanchetiodendron, Inga, 
Leucochloron (except L. bolivianum), Macrosamanea and Zygia, and is particularly diverse in 
lowland rainforests. Blanchetiodendron is a highly distinctive genus and is sister to the rest of 
the clade.  Two African taxa, Cathormion altissimum and Samanea dinklagei are also nested 
in this clade for which a new genus will be needed. While not sampled here Enterolobium 
sect. Robrichia is also included in this clade (Elvia Souza, personal communication). Two 
species of that section, Blanchetiodendron and C. altissimum are the only taxa in this clade 
with dimorphic flowers.
The Samanea clade includes Chloroleucon, Pseudosamanea and Samanea, is 
restricted to the Neotropics, and all genera have species with dimorphic flowers.
The Albizia clade includes the African, Malagasy and SE-Asian species currently 
accommodated in Albizia (except A. splendens), plus the Neotropical Enterolobium pro parte 
(Elvia de Souza, unpubl. data) and Leucochloron bolivianum which is shown to be unrelated 
to the rest of Leucochloron (Fig. 6). Furthermore, the type species of Cathormion, C. 
umbellatum is nested within Albizia and should therefore be synonymized with that genus. 
Both Albizia and Enterolobium include species with dimorphic flowers.
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Evaluation of support for inferred relationships
The ASTRAL topology differs in only five places from the ML topology (Fig. 5): 1) 
Prosopis laevigata is sister to the Dichrostachys clade with 0.44 pp, instead of to the rest of 
the core mimosoids with 80% BS, 2) Stryphnodendron pulcherrimum and Pseudopiptadenia 
contorta have swapped positions, with 0.02 pp in the ASTRAL tree, while the alternative 
relationship in the ML tree has full support, 3) Cedrelinga cateniformis is sister to a large clade
composed of several subclades of the Ingioid clade with 0.38 pp, instead of being sister to the
Jupunba clade with 60% BS, 4) Abarema cochliacarpos and Leucochloron limae are not 
sister taxa, with full support, while they are in the ML tree with 87% BS and 5) Albizia 
atakataka is in a different position in the two trees, with 49% BS versus 0.36 pp. 
Support along the backbone of the phylogeny, with the exception of the Ingioid clade, 
is generally high in concatenated analyses (Figs. 5 & 6), but taking into account conflicting 
signals across gene trees, levels of support are less robust. Many internodes receive 
relatively low ICA support (<0.5; Fig. S4) suggesting significant conflict for those nodes. In a 
few cases, ICA values below zero indicate that the most common conflicting bipartitions are 
more prevalent than the supporting ones. Comparing proportions of gene tree bipartitions 
supporting an internode, relative to the most common conflicting bipartions, all other 
conflicting bipartitions, and uninformative gene trees, it is clear that the majority of gene trees 
are either uninformative or contain an infrequent conflicting bipartition (Fig. S5). This strongly 
suggests that the majority of gene trees  lack phylogenetic signal, especially across the 
Ingioid backbone.
The ASTRAL polytomy test showed that for several nodes, the null model of a 
polytomy could not be rejected (p-value = 0.05; Figs 4b and S6). We evaluated three 
questionable deeper nodes along the backbone of the phylogeny (placement of Chidlowia, 
placement of Prosopis and mono/paraphyly of the Piptadenia group) as well as along the 
backbone of the Ingioid clade, where polytomies cannot be ruled out for several nodes. This 
shows that the placement of Chidlowia as sister to all other mimosoids excluding the Xylia 
clade is preferred slightly over the two alternative hypotheses (Fig. 7b). For Prosopis, a sister 





(previous page) Figure 7. Evaluation of gene tree support for selected nodes. a) Bargraphs of supporting and 
rejecting gene trees for the clades identified in this study and for alternative topologies involving b) the 
placement of Chidlowia, c) placement of Prosopis, d) monophyly or paraphyly of the Piptadenia group, e) 
placement of Cedrelina, f) placement of Pseudosamanea, g) affinities of the Samanea clade and h) all possible 
sister pairs, clade triplets and quartets within the polytomous portion of the Ingioid clade after pruning Cedrelinga
and the Samanea clade from the gene trees. Note that for panels b)-h), the bars for each graph are sorted from 
most to least supported. Abbreviations: mims = mimosoids, Stryphno = Stryphnodendron clade, Ced = 
Cedrelinga cateniformis, Pseu = Pseudosamanea guachapele, Au = Australasian clade, Jup = Jupunba clade, 
Ing = Inga clade, Sa = Samanea saman and Chloroleucon tenuiflorum, Alb = Albizia clade, PseuSa = Samanea 
clade.
across gene trees than the two alternatives (Fig. 7c). For the Piptadenia group, paraphyly is 
slightly more often supported across gene trees than monophyly, with the Mimosa clade as 
the most likely sister group of the Ingioid clade (Fig. 7d). Within the Ingioid clade, there is a 
notable lack of resolution especially in the clade that includes Cedrelinga plus the 
Australasian, Jupunba, Inga, Samanea and Albizia clades. The phylogenetic placement of the
monotypic Cedrelinga appears to be unstable with hardly any gene tree support for any of its 
possible placements (Fig. 7e). There are some weakly supporting gene trees showing a 
sister-group relationship of Cedrelinga with Pseudosamanea, but that taxon is more likely 
related to Chloroleucon and Samanea (Fig. 7f), and one of the other three possible 
placements (Fig. 7e) is probably more likely. There are no gene trees strongly supporting 
Cedrelinga as sister to the rest, and for the other two options there is just one gene tree 
strongly in support of each. A sister-group relationship between the Samanea and Albizia 
clades has minimal support across gene trees, even though it is found in several species tree 
analyses, and remains the most likely possibility relative to alternatives (Fig. 7g). 
These results suggest that Cedrelinga and Pseudosamanea, and perhaps also the 
other two genera of the Samanea clade, are potentially causing lack of resolution in the 
Ingioid clade, acting as “rogue taxa”, for example due to lack of phylogenetic signal for the 
placement of these taxa or long branch attraction (LBA) artefacts, particularly for Cedrelinga. 
Another possibility is that ancient hybridization has occurred, giving rise to (some) of these 
rogue lineages. ML analyses on the concatenated alignment of 510 genes omitting these taxa
does indeed increase support along the Ingioid backbone (compare Figs. S2, S7-S8). To 
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investigate this further, we evaluated support for all possible groupings of the Australasian, 
Jupunba, Inga, Samanea and Albizia clades as sister clades, triplets and quartets across 
gene trees with Cedrelinga and Pseudosamanea removed. This shows that the sister-group 
relationship of the Albizia and Samanea clades (with only Cloroleucon and Samanea 
included) is more likely than any other conflicting relationship (Fig. 7h) and that the Jupunba 
and Inga clades are likely to be sister clades. No well supported triplets are found, while the 
quartet that unites the Jupunba, Inga, Samanea and Albizia clades is better supported than all
other possible quartets (Fig. 7h). Taken together, this would suggest a branching order of 
(Australasian((Jupunba,Inga),(Samanea,Albizia)) for these clades. However, none of the 
possible relationships among these clades, nor the placements of Cedrelinga and 
Pseudosamanea, appear in many gene trees with strong support, and it is striking that there 
are many more strongly conflicting gene trees for most of these.
Phylogenetic supernetwork analysis
At the lowest mintrees setting (n=22, c. 2.5% of the total number of trees; Figs. 8a & 
b), there appears to be little signal. Increasing to n=44 or 66 (Figs. 8c-f), the network 
becomes somewhat more treelike and shows more or less the same relationships among 
clade representatives as the gene tree support summarization (Figs. 7e-h). However, 
increasing mintrees to n=88 causes that resolution to collapse (Fig. 8g), showing how just 
limited phylogenetic signal hints at a resolved topology. 
Discussion
In this study, we show that targeted enrichment, or more specifically hybrid capture, is 
a powerful and effective way to reconstruct the phylogeny of a challenging taxonomic group, 
in line with findings across a rapidly growing number of other groups s (e.g. Mandel et al., 
2014; Weitemier et al., 2014; Nicholls et al., 2015; Jones & Good, 2016; Sass et al., 2016; 
Johnson et al. 2018; Couvreur et al., 2019; Ojeda et al., 2019). The phylogenetic resolution 
and statistical support obtained here offer a significant improvement over previous 





(previous page) Figure 8. Phylogenetic Z-closure filtered supernetworks with mintrees parameter set at 22, 
drawn a) with and b) without the Convex Hull algorithm, and the same for c) and d) mintrees setting at 44, e) and
f) mintrees setting at 66, and finally, for the mintrees setting of 88 the networks with an without the Convex Hull 
method are identical, indicating that not many splits are included under this parameter setting. 
robust generic backbone for the mimosoid clade (Figs. 5 & 6). Given the robust support 
across the phylogeny as a whole, the lack of resolution across the Ingioid backbone is 
striking. Furthermore, given the larg volume of DNA sequence data deployed in these 
analyses, this lack of resolution is probably not caused by insufficient data, but is instead 
most likely the result of extremely rapid speciation leading to a lack of phylogenetic signal and
potentially some ILS, as implied by lack of resolution in a large majority of gene trees, and 
strongly supported conflict in a small fraction of the gene trees.
It is possible that fragmentation of exons from the same gene could have contributed 
to lack of resolution across gene trees and that other ortholog pipelines (see Methods) might 
yield longer alignments, avoid fragmentation of exons of the same gene, and hence be able to
improve individual gene trees and thereby allow more accurate evaluation of alternative 
topologies. However, since recombination may also take place in between different exons of 
the same gene, suggesting that exons are better evolutionary units to analyze than full gene 
sequences (Scornavacca & Galtier, 2017). Either way, longer gene alignments are unlikely to 
yield much improved resolution in gene trees along the backbone of the Ingioid clade, since 
even the concatenated alignments do not find strong support in that part of the phylogeny. 
Therefore, there seems to be a strong lack of signal, ILS and/or ancient hybridization, leading 
to a potentially hard polytomy embedded within the Ingioid clade, involving 6 or 7 lineages.
The Ingioid clade is still recalcitrant to phylogenetic resolution
Within the Ingioid clade, relationships among well-supported subclades appear to be 
irresolvable (Fig. 7 e-h), which is surprising given the large number of genes deployed here, 
and raising the possibility that there may be a hard polytomy of six or seven lineages 
embedded within the Ingioid clade. While evaluation of supporting gene trees and the filtered 
supernetworks (Fig. 8) suggest some clade relationships as more likely than others, this may 
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simply be extracting the least conflicting signal from a data set where there is virtually no 
signal to begin with. In any case, there appears to be a large number of conflicting bipartitions
among the set of gene trees (Fig. 7 e-h), and hardly any that strongly support any of the 
possible relationships among the Ingioid subclades. 
Gene tree conflict is often attributed to ILS, as found in the initial radiation of the 
Neoaves clade of birds (Suh et al., 2015), which provides one of the most convincing 
examples of a hard polytomy documented so far (Suh, 2016), and which appears similarly 
irresolvable as the Ingioid clade. Suh et al. (2015) used retroposon insertion sites that are 
virtually free from homoplasy as strong evidence for ILS, while such evidence is lacking here. 
In other cases, such as mammals, ILS has been shown to be only a minor cause of gene tree
conflict (Scornavacca & Galtier, 2017), suggesting that such conflict could equally be caused 
by gene tree estimation errors due to lack of phylogenetic signal, homoplasy, alignment errors
and/or poor model fit (Richards et al., 2018). Across the Ingioid clade the majority of 
conflicting gene tree bipartitions appear to be rare and most of them are only weakly 
conflicting (Fig. 7 e-h). This suggests that most of the conflicting bipartitions stem from lack of 
phylogenetic signal, with gene tree estimation errors accounting in part for the strongly 
conflicting bipartitions (Richards et al., 2018). Other reasons for poor gene tree estimation 
include alignment errors, homoplasy, poor model fit and LBA artefacts. We have attempted to 
minimize alignment errors by using MACSE (Ranwez et al., 2018), which simultaneously 
aligns coding sequences and the amino acid translations, yielding far better alignments than 
MAFFT making the additional computational time very worthwhile. The inter-related issues of 
homoplasy, poor model fit and LBA artefacts are less easily tackled and could be the main 
sources of gene tree estimation errors in our data set. In that case this conflict would 
constitute phylogenetic noise rather than genuine conflicting signal, and such noise is present
across much of the tree (Fig. S5). However, even although the number of conflicting 
bipartitions for many nodes across the tree far outnumber the most prevalent bipartition (Fig. 
S5), none of the alternatives is close to equally prevalent in parts of the species tree where 
resolution and support are consistently high. Within the Ingioid radiation, however, there is 
simply not enough signal to override this noise. It is also possible that fragmentation of exons 
from the same gene could have contributed to lack of resolution across gene trees and that 
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other ortholog pipelines (see Methods) might yield longer alignments, avoid fragmentation of 
exons of the same gene, and hence be able to improve individual gene trees and thereby 
allow more accurate evaluation of alternative topologies. However, longer gene alignments 
are unlikely to yield improved resolution in gene trees along the backbone of the Ingioid clade,
since even the concatenated alignments do not find strong support in that part of the 
phylogeny. 
Apart from gene tree estimation errors and ILS, ancient hybridization during the 
radiation of the Ingioid clade could offer an alternative explanation for the large numbers of 
strongly conflicting gene tree topologies. The strong conflicting gene tree support for the 
placement of Pseudosamanea in particular could be indicative of hybridization, although it is 
also possible that LBA artefacts could be causing an apparent sister-group relationship with 
Cedrelinga in some gene trees.
For the Neoaves clade of birds, lack of treelike structure in phylogenetic 
supernetworks was very similar to that found in networks generated from simulated random 
topologies, suggesting this clade is indeed best considered a hard polytomy (Suh, 2016). 
Together with the lack of gene tree support (Figs 7 e-h), our supernetworks (Fig. 8) suggest 
that the Ingioid radiation perhaps also constitutes a hard polytomy. With intermediate mintrees
parameter settings (Fig. 8 c-f) the networks show some structure. However, given that this 
resolution collapses at the higher mintrees setting (Fig. 8 g), this is likely driven by a very 
small number of gene trees, while conflicting gene trees largely outnumber the few supporting
ones (Fig. 7 e-h), in line with the idea that many contentious relationships are supported by 
just a handful of genes (Shen et al., 2017). Our network at the lowest mintrees setting is very 
similar to that of a simulated hard polytomy (cf Figs. 8 a & b; with Fig. 4E in Suh, 2016). We 
therefore conclude, pending enhanced taxon sampling and eventually completely sequenced 
genomes, that there is potentially a hard polytomy embedded in the Ingioid clade, involving 
six or seven lineages, which is resistant to resolution even using sequences from 100s of 
nuclear genes. With complete exomes and positional homology data it will be possible to 
investigate the sorting of different unlinked exons, genes or other genomic elements (e.g. 
retroposons) across lineages within the Ingioid clade in greater detail to shed light on the 




The pervasive lack of phylogenetic signal in a large majority of genes across the 
persistent Ingioid polytomy, implies that initial divergence of this clade involved an episode of 
hyperfast speciation, i.e. an evolutionary radiation, that gave rise to a large pantropical clade 
of more than 2000 species. What combination of extrinsic environmental opportunities and 
intrinsic evolutionary trait innovations triggered this large radiation remains to be investigated 
in detail, but some initial hypotheses for testing are worth considering.
First, the prevalence across the Ingioid clade, of flowers with numerous elongated 
stamens partially fused into a tube and aggregated into capitate, often dimorphic 
inflorescences with enlarged central nectar producing flowers, accompanied by pollen transfer
in large polyads, is associated with  efficient pollination by animals such as bats, 
hummingbirds or sphingoid moths. This would promote outcrossing and tend to maintain 
relatively high effective population sizes. Second, lomentaceous fruits within the Ingioid clade 
are often associated with hydrochory, and fleshy or otherwise nutritious, often indehiscent, 
fruits with zoochory, both of these promoting efficient long-distance dispersal, facilitating 
expansion and spread of populations, and potentially prompting divergence and speciation. 
This combination of highly efficient pollination and effective seed dispersal could in part 
explain rapid speciation together with large effective population sizes leading to increased 
ILS.
Fossil evidence (Crepet & Dilcher, 1977; Crepet & Taylor, 1986) and previous time-
calibrated legume phylogenies (Lavin et al., 2005; Koenen et al., to be resubmitted) suggest 
that mimosoids originated in the Early Eocene, with divergence of the core mimosoids during 
the Late Eocene or Oligocene. Fossil polyads of Australian Acacia s.s. from c. 23 Ma 
approximately at the Oligocene-Miocene boundary (Miller et al., 2013) constitute the oldest 
fossil evidence of a Ingioid genus and suggest that the radiation of the Ingioid clade most 
likely occurred in the Oligocene, and may therefore be related to evolutionary biotic turnover 
in this epoch due to global climatic cooling. At that time, connections between South-America,
Australia and Antarctica could explain the concentrations of diversity in the Neotropics (most 
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Ingioid subclades) and Australasia (one large subclade). The robust generic backbone 
phylogeny generated here provides the starting point for investigating the timing, 
biogeographical history and macro-evolutionary trajectory of the mimosoids and especially the
Ingioid radiation, when expanded with more dense taxon sampling.
Further work is needed to investigate the causes and consequences of this large 
radiation, whether it is associated with past environmental change, whether the mrca of the 
polytomous clade had particular traits that facilitated its nearly instantaneous radiation into 6 
or 7 lineages, and how the massive morphological and ecological disparification associated 
with this clade played out from this ancestral explosion of lineages.
Implications for the taxonomic classification of mimosoids
The absence of a bifurcating topology could explain the widespread morphological 
homoplasy apparent across the Ingioid clade and the consequent difficulties associated with 
delimiting genera, the discordant generic systems of different authors, and the non-
monophyly of generic groupings (of e.g. Barneby & Grimes), which were entirely 
morphologically based. For example, lomentaceous fruits that break up into one-seeded 
articles occur in at least six different lineages scattered across the Albizia, Inga and Jupunba 
clades plus Cedrelinga cateniformis. Dimorphic capitate inflorescences with an enlarged 
central nectar-producing flower are similarly phylogenetically scattered across genera in the 
Albizia, Jupunba and Samanea clades and in Blanchetiodendron blanchetii. While 
reconstructing the evolution of e.g. pollination and seed dispersal syndromes across the 
Ingioid clade would undoubtedly be illuminating in this regard, it remains unclear to what 
extent this will be possible in the face of lack of phylogenetic resolution. In this study, we have
advanced our understanding of the evolutionary relationships among Ingioid legumes, moving
forward from a soft polytomy that included almost all of the c. 40 genera in the clade, to 
identify a potentially hard polytomy that involves six or seven robustly supported lineages. 
These lineages provide a robust framework for recognizing a set of informally named sub-
clades (Fig. 6), replacing the previously defined informal groups and alliances, most of which 
are now shown to be non-monophyletic. 
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This framework provides the first step towards a much needed new tribal (Linnean) / 
clade-based (Phylocode) classification of mimosoids. Achieving this will require expanded 
taxon sampling of all potentially non-monophyletic and missing genera within mimosoids, as 
well as wider sampling of genera across subfamily Caesalpinioideae as a whole, something 
that is currently being undertaken using the same gene set employed here (Ringelberg & 
Koenen, unpubl. data). However, it is already clear that establishing a Linnean classification 
of tribes for mimosoids would require recognition of a large number of monogeneric tribes 
because of the strong imbalance across the generic backbone phylogeny (Figs 5 & 6). This 
could prompt recognition of mimosoids as a single tribe within Caesalpinioideae, and a 
Phylocode classification to formally name and describe clades within the mimosoids along the
lines outlined here, when the initial set of clades highlighted here is better characterized with 
denser taxon sampling.
At generic level, it has been clear for some time that despite significant progress, 
substantive further generic re-delimitation is needed across mimsoids to account for the non-
monophyly of several genera (Luckow et al., 2003; Igançi et al., 2016; Ferm, unpubl data; De 
Souza et al., unpubl data). Our results add to this tally of non-monophyletic mimosoid genera.
For example, while the non-monophyly of Albizia has been long suspected, we demonstrate 
robust support for at least three separate evolutionary lineages currently ascribed to the 
genus: Albizia s.s., which includes species from Africa, Madagascar and Asia; Albizia sect. 
Arthrosamanea which includes the Neotropical species; and Albizia splendens, formerly 
segregated together with A. acle (not sampled here) as Serialbizzia (Kostermans, 1954). Our 
results further suggest that Balizia is not monophyletic with respect to African Cathormion 
obliquifoliolatum and Neotropical Hydrochorea, providing further evidence that the genera of 
the Abarema alliance of Barneby & Grimes are in need of re-delimitation (Igançi et al., 2016). 
The non-monophyly of Senegalia (beyond the recent segregation of Parasenegalia and 
Psueodsenegalia) that was found with 100% BS or 1.00 pp in all analyses of nuclear data 
(Figs 5 & 6) is unexpected given that Boatwright et al. (2015) showed Malagasy Senegalia 
species grouping with the rest of the genus based on three chloroplast regions. Notably, in 
our chloroplast phylogeny, the two species of Senegalia form a sister pair with 100% BS (Fig. 
S3). Further analyses sampling more widely across Senegalia is necessary to assess 
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whether this is a case of genuine conflict between the nuclear and chloroplast genomes or 
not.
Concluding remarks
The idea that not all gene trees are identical to the species tree, in other words that 
they can be incongruent, has been around for a while (Maddison, 1997). What phylogenomics
has been showing over the last decade, is that gene tree conflict caused by gene tree 
estimation error, ILS and/or hybridization is in fact extremely common, including for deep 
nodes in the tree of life (Doronina et al., 2015; Marcet-Houben & Gabaldón, 2015; Suh et al., 
2015; Meier et al., 2017; Koenen et al., to be resubmitted). This means that phylogenomics is 
not only concerned with finding the most likely species tree, but perhaps more importantly 
with exploring the complexity of phylogenetic relationships of independent genomic elements 
such as exons, complete genes or syntenic blocks and how those relate to the evolution of 
species diversity and traits. 
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internodes indicate the bootstrap support of the subtending internode, only BS values less 
than 100% are shown. 
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Figure S8. ML tree of the concatenated nucleotide alignment of the 510 gene alignments with
more than half of the accessions present, but with Cedrelinga cateniformis and the Samanea 
clade removed, inferred with the GTRCAT model. Labels next to internodes indicate the 





Phylogenetic tree-thinking has long permeated evolutionary biology and currently lies very 
much at the heart of phylogenomics, even though the Tree of Life metaphor has been 
challenged by the widespread occurrence of incomplete lineage sorting (ILS), 
introgression/hybridization and lateral gene transfer (LGT). This thesis shows that several of 
these issues and challenges are also prominent in the legume family, where organismal 
evolution has been highly complex at the genomic level, hindering the reconstruction of the 
most likely species tree and suggesting that there are significant hard polytomies, as well as 
reticulation, deeply embedded in the legume phylogeny. 
In Chapter I of this thesis, I have shown that the most likely relationships among 
legume subfamilies, in other words the earliest dichotomies in the legume phylogeny, are only
supported by a slightly higher fraction of gene trees than alternative topologies, while at the 
same time, many gene trees show a lack of phylogenetic signal for this part of the phylogeny. 
While part of this observed gene tree conflict may be caused by gene tree estimation errors, 
extensive ILS has likely occurred. This conflict is probably a common feature of eukaryotic 
organismal evolution more generally, particularly when lineage diversification occurs rapidly 
as has likely been the case in the initial radiation of the legumes into six major lineages. 
The occurrence of multiple paleopolyploidy events (or ancient whole genome 
duplications or WGDs) early in the evolution of the legumes, including one likely allopolyploid 
event, has further complicated the reconstruction of genome evolution across the deepest 
divergences in the family, as shown in Chapter II. Taken together, these results suggest that 
the early evolution of the legumes is best represented by a network, which better reconciles 
the evolutionary history of different genes and other genomic elements than a strictly 
bifurcating phylogeny, although ILS still needs to be invoked as well.  
Furthermore, I demonstrate in Chapter II that the timings of the initial diversification of 
the legumes and of ancient polyploidy events are close to 66 Ma at the Cretaceous-
Paleogene boundary (KPB). This suggests that the opportunities offered by large-scale 
evolutionary turnover caused by the KPB mass extinction event and the resulting emergence 
of new habitats, as well as the expanded genomic substrate following multiple polyploidization
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events, can together contribute to explain the spectacular evolutionary success of the 
legumes in the Cenozoic. 
Finally, in Chapter III I present an analysis of a more recent episode of rapid 
diversification within the mimosoid clade of legumes. Apart from several nodes with gene tree 
conflict involving three lineages, a near-complete lack of resolution is observed across all 
1,767 analysed gene trees involving the relationships of 6 or 7 subclades within the Ingioid 
clade, suggesting this constitutes a single large hard polytomy.
These results are highly significant for our understanding of the evolution of the legume
family and of angiosperms more generally. All three chapters highlight the complexity of 
genome evolution in deep time where several different processes and events such as ILS, 
polyploidy, hybridization and rapid lineage diversification cause problems for inferring 
bifurcating species trees. This adds to a growing number of phylogenomic studies of various 
taxonomic groups, including in angiosperms, that show how evolution at the level of genomes
and organisms is far from always tree-like. The reticulate polyploid evolution and hard 
polytomies revealed here in legumes are probably not in any way exceptional across 
angiosperms and other organismal groups, as many ongoing and new phylogenomics 
research projects in the near future may well demonstrate. The timings of rapid lineage 
diversification and WGDs are also relevant for understanding the role of geological history in 
shaping biodiversity. While prominent animal clades have been particularly well-studied in 
relation to turnover at mass extinction events, I have demonstrated that much like mammals 
and birds, the legumes also rapidly diversified in the early Cenozoic following the KPB. 
Similarly, the radiation of the Ingioid clade likely occurred during the transition from the 
hothouse climate of the Early Eocene to the much cooler Miocene. In both cases, there 
appear to be  links between geological events that led to the emergence of new habitats and 
the observed patterns of genome evolution brought about for example by selection favouring 
polyploids and their associated traits, and rapid lineage diversification leading to lack of 
phylogenetic signal and ILS.
While networks and/or hard polytomies are gradually coming to be seen as better 
representations of evolutionary history than a strictly bifurcating tree for many groups, 
inferring a species tree using either concatenation or gene tree summarisation approaches is 
192
CONCLUSIONS
still commonplace. The main drawback of gene tree approaches is that single genes are often
not informative enough to resolve relationships, especially if taxa rapidly diversified. For larger
phylogenies with dense sampling of species, the proportion of conflicting or uninformative 
gene trees for individual nodes is still expected to be relatively high due to ILS and larger 
numbers of speciation events. On the other hand, analyses of concatenated phylogenomic 
data often find a fully resolved tree, but support values for potentially erroneous species 
relationships may be inflated in these analyses. Gene jackknifing may be viewed as a useful 
‘intermediate’ option and presents one of the best methods currently available to evaluate 
which nodes we can and cannot resolve given the available data. 
The rapid accumulation of genome-scale data across taxonomic groups is set to 
continue and indeed rapidly accelerate further in the next decade. This forthcoming 
proliferation of phylogenomic data will offer exciting new research possibilities and promises 
to deliver many interesting new discoveries. Rather than ending phylogenetic incongruence, 
phylogenomics has led to a much more comprehensive understanding of the causes of 
incongruence and the molecular aspects of organismal evolution in general. While many 
studies still focus on resolving relationships, as I have done in Chapters I and III, much can be
learned from studying the interactions among genomes and the environment in shaping 
molecular and organismal evolution. Several studies have already started to address these 
questions (e.g. Brawand et al., 2014, Lamichhaney et al., 2015, Pease et al., 2016, Moore et 
al., 2017), and large-scale studies of functional evolution in phylogenomics are set to be one 
of the main directions for systematic biology in the near future. For example, gene 
duplications and losses may have led to gene family expansions or reductions related to their 
function and environmental change (Griessman et al., 2018). Similarly, a proliferation of 
polyploid lineages as has been suggested to be associated with the mass extinction event at 
the KPB, could occur in various other environmental settings or may be related to 
environmental change more generally (Cai et al., 2019). Moreover, the role of selection at the 
level of amino acids is likely important for local adaptation to different environmental factors 
and for speciation, but functional evolution of protein-coding genes remains poorly understood
in relation to geological history and the origination of diverse life-history strategies (Lee et al., 
2011). These and numerous other topics can be tackled in phylogenomics when large 
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numbers of high-quality genome assemblies are available across groups of interest and when
inter- and infraspecific genetic variation are characterized by sequencing multiple individuals 
when studying closely related species. The field of phylogenomics is therefore likely to 
continue to flourish as ongoing technological developments and increased sequencing efforts 
and efficiencies lead to ever larger data sets.
Now that phylogenomics has overcome the limitations of sparse gene sampling, it 
seems timely to shift the focus to sampling taxa more densely. Greatly expanded taxon 
sampling is likely to be equally (or even more) beneficial than further increasing the volume of
sequence data because, with denser taxon sampling, orthology can be more accurately 
assessed, and both gene tree and species tree analyses will be more accurate and less 
prone to LBA artefacts. Phylogenomic analyses with dense taxon sampling, coupled with 
careful evaluation of conflicting phylogenetic signals, presents a powerful way forward in 
systematics and evolutionary ecology, especially for diverse and relatively recently evolved 
clades. A great deal of recent work has focused on resolving deep divergences with 
phylogenomic data sets. While this is understandable given the sparse availability of genomic 
data across the Tree of Life until recently, with modern techniques we are now able to apply 
genome-scale data analysis to diverse clades with dense taxon sampling to solve the myriad 
of taxonomic problems that exist mainly at the levels of tribes and genera, and for which 
traditional chloroplast and nuclear ribosomal markers have proved to be insufficiently 
informative.
Sequencing of many more legume genomes, including Duparquetia - the sole member 
of Duparquetioideae for which genome-scale nuclear data are as yet unavailable - alongside 
key taxa in other subfamilies, is planned over the next few years as part of the 10KP initiative 
(Cheng et al., 2019). Furthermore, hybrid capture sequencing projects are planned or ongoing
in all non-monotypic legume subfamilies (Detarioideae, de la Estrella et al., unpublished data; 
Cercidoideae and Dialioideae, Bruneau et al., unpublished data; Caesalpinioideae, Koenen et
al., Chapter III and Ringelberg & Koenen et al., unpublished data; Papilionoideae, 
Vatanparast & Egan et al., unpublished data). In addition, as part of the Plant and Fungal Tree
of Life (PAFTOL) project of the Royal Botanic Gardens at Kew, every legume genus is 
planned to be sequenced using hybrid capture of a universal set of 353 angiosperm genes 
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(Johnson et al., 2018). Analyses of all of these data will undoubtedly lead to better and more 
comprehensive estimates of the legume phylogeny. However, combining all these data sets to
build a legume phylogeny at the same taxonomic scale as the matK tree of LPWG (2017) is a 
potentially daunting task. As a way forward, I suggest that it is unfeasible, and indeed 
unnecessary, to attempt to create a single supermatrix for several hundreds or thousands of 
taxa and hundreds of genes, but that instead it would be more sensible to infer a backbone 
phylogeny using complete genomes (such as the one presented in Chapter I but with 
extended taxon sampling) alongside independent phylogenies based on large (but not 
necessarily identical gene sets) for each subfamily, which can then be combined using a tree-
grafting approach that I describe further below. This approach ensures that resolution along 
the backbone or within each subfamily or subclade is not compromised by poor overlap 
among genes, or paralogy issues among subfamilies, while at the same time, the analyses 
remain computationally tractable.
Apart from enhancing the legume phylogeny, completely sequenced and well-
annotated genomes for each of the subfamilies can be used to answer many questions about 
early legume genome evolution and polyploidy and the evolutionary origins of legume traits. 
The study of paleopolyploidy in legumes would be greatly advanced by the availability of high 
quality complete genomes of all subfamilies, in particular using the positional homology data 
that can be harvested from these. Furthermore, other types of marker loci, such as retroposon
insertion sites which are homoplasy-free (Suh et al., 2015), can also be extracted from high-
quality genome assemblies to quantify the strength of ILS, detect introgression or more 
accurately reconstruct (allo)polyploid histories. Undoubtedly, the evolution of nodulation in 
legumes will remain an important research theme, but also the evolution of genes underlying 
various other traits, such as floral symmetry and fruit dehiscence, could be studied using 
phylogenomic methods. 
For the mimosoid clade, expansion of the hybrid capture data set that is presented in 
Chapter III to c. 450 accessions across Caesalpinioideae as a whole is currently underway in 
the lab in Zurich. Using these data, we intend to infer an enhanced backbone phylogeny for 
subfamily Caesalpinioideae to be used, in combination with species-level data sets, for large 
scale biogeographic and macro-evolutionary studies. I have carried out preliminary analyses 
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Figure 1. Mimosoid mega-tree indicating the grafted subtrees, with the hybrid capture backbone shown in black. 
There are 1,452 species represented in the tree, c. 44% of the total number of species in the mimosoid clade.
for the mimosoid clade, where the hybrid capture backbone from Chapter III was used as a 
rootstock to ‘graft’ a set of 14 densely sampled phylogenetic trees for genera or groups of 
closely related genera onto (Fig. 1), similar to how Spriggs et al. (2014) built a large 
phylogenetic tree for the grasses. The resulting mega-tree is a chronogram, and it shows that 
core mimosoids originated at c. 35 Ma, while the initial radiation of the Ingioid clade is 
estimated to have occurred between c. 30-25 Ma, suggesting that mimosoids diversified 
mainly in response to the cooling and drying trends that started in the late Eocene and which 
characterizes the whole of the Oligocene (Fig. 2). Basic mapping of biogeography and biome 
associations using this mega-tree further show that mimosoids originated in the Early Eocene 
wet forests of Africa, with several species-poor African wet forest lineages forming successive
196
CONCLUSIONS
Figure 2. Mimosoid mega-tree with (a) biogeography and (b) biome association indicated as per the legend. 
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sister-groups (or a paraphyletic grade) to the core mimosoids. With the exception of 1000+ 
species in the Australasian clade of Ingioids including Acacia s.s., the core mimosoids 
predominantly occur in the American tropics and mainly occur in seasonally dry vegetation 
(Fig. 2). Embedded within the core mimosoids, which are presumably ancestrally adapted to 
the dry tropics, are at least six clades that have switched back to the rainforest biome and at 
least eight clades have switched to the savanna biome (Fig. 2b). 
These results are preliminary, and more carefully elaborated analyses are necessary, 
but nevertheless illustrate the potential of having large and well-resolved phylogenetic trees 
available for large scale comparative analysis of clades of several thousands of species. 
These types of analyses, coupled with estimation of speciation rates across the tree and 
investigations into the role of extinction, will be used with the expanded phylogenomic 
backbone data set to test hypotheses about diversification of lowland tropical vegetation in 
relation to past environmental change, for which the Caesalpinioideae form an excellent study
group. Apart from this, the expanded hybrid capture phylogeny will also be used to establish a
new tribal and clade-based classification for Caesalpinioideae and to aid generic re-
delimitation in the mimosoid clade. Finally, the genus Albizia is nearly completely sampled in 
the expanded hybrid capture data set, such that a species-level phylogeny for the genus can 
be constructed and used for taxonomic revision and to study ecological diversification. 
Species of Albizia in Africa, Madagascar and Asia have adapted to nearly all tropical 
vegetation types including the Congo basin lowland rainforests, the Kalahari and Namib 
deserts, Albertine rift montane forests, seasonally dry tropical forests and spiny scrub in 
Madagascar and the Horn of Africa, continental Asian subtropical upland forests and Malesian
monsoonal vegetation, making Albizia an ideal study system to investigate ecological 
radiation.
To conclude, this thesis significantly enhances our knowledge about the early evolution
of the legumes, the phylogenetic relationships among legume subfamilies and within the 
mimosoid clade, and our understanding of the complexity of genome evolution in deep time 
and its consequences for inferring the Tree of Life. Furthermore, it signals in which directions 
the study of legume paleopolyploidy and ancestral genome reconstruction may proceed and 
provides a basis for further macro-evolutionary and biogeographical studies using the 
198
CONCLUSIONS
Caesalpinioideae as a model clade for lowland tropical biodiversity. More generally, this thesis
forms an important contribution to the study of genome evolution in angiosperms in relation to
the origins of Cenozoic biodiversity and manifests the limits to phylogenetic resolution across 
the eukaryotic Tree of Life, caused by rapid diversification, polyploidization, ILS, hybridization 
and/or methodological limitations. As I have shown in this thesis, all of the above may likely 
play a role in causing lack of resolution in portions of the legume phylogeny.
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sources of adaptive variation during a rapid radiation. PLoS Biology, 14(2):e1002379.
Spriggs, E.L., Christin, P.A. and Edwards, E.J., 2014. C4 photosynthesis promoted species 
diversification during the Miocene grassland expansion. PloS ONE, 9(5), p.e97722.
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Legume phylogeny and classification in the 21st century: Progress, 
prospects and lessons for other species–rich clades
Legume Phylogeny Working Group, Bruneau, A., Doyle, J. J., Herendeen, P., Hughes, C., 
Kenicer, G., Lewis, G., Mackinder, B., Pennington, R. T., Sanderson, M. J., 
Wojciechowski, M. F., Boatwright, S., Brown, G., Cardoso, D., Crisp, M., Egan, A., 
Fortunato, R. H., Hawkins, J., Kajita, T., Klitgaard, B., Koenen, E., Lavin, M., Luckow, 
M., Marazzi, B., McMahon, M. M., Miller, J. T., Murphy, D. J., Ohashi, H., de Queiroz, L.
P., Rico, L., Särkinen, T., Schrire, B., Simon, M. F., Souza, E. R., Steele, K., Torke, B. 
M., Wieringa, J. J. and van Wyk, B. – Taxon (2013) 62:217-248.
The Leguminosae, the third–largest angiosperm family, has a global distribution and high 
ecological and economic impor tance. We examine how the legume systematic research 
community might join forces to produce a comprehensive phylogenetic estimate for the ca. 
751 genera and ca. 19,500 species of legumes and then translate it into a phylogeny–based 
classification. We review the current state of knowledge of legume phylogeny and highlight 
where problems lie, for example in taxon sampling and phylogenetic resolution. We review 
approaches from bioinformatics and next–generation sequencing, which can facilitate the 
production of better phylogenetic estimates. Finally, we examine how morphology can be 
incorporated into legume phylogeny to address issues in comparative biology and 
classification. Our goal is to stimulate the research needed to improve our knowledge of 
legume phylogeny and evolution; the approaches that we discuss may also be relevant to 
other species-rich angiosperm clades.
Keywords: Caesalpinioideae, Fabaceae, Leguminosae, low-copy nuclear genes, 
Mimosoideae, multiple sequence alignment, Papilionoideae, phylogenetic inference
My contributions: I co-wrote the section on mimosoid legumes.
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Exploring the tempo of species diversification in legumes
Koenen, E.J.M.*, De Vos, J.M.*, Atchison, G.W., Simon, M.F., Schrire, B.D., De Souza, E.R., 
de Queiroz, L.P. and Hughes, C.E. – South African Journal of Botany (2013) 89:19-30.
Whatever criteria are used to measure evolutionary success – species numbers, geographic 
range, ecological abundance, ecological and life history diversity, background diversification 
rates, or the presence of rapidly evolving clades – the legume family is one of the most 
successful lineages of flowering plants. Despite this, we still know rather little about the 
dynamics of lineage and species diversification across the family through the Cenozoic, or 
about the underlying drivers of diversification. There have been few attempts to estimate net 
species diversification rates or underlying speciation and extinction rates for legume clades, 
to test whether among-lineage variation in diversification rates deviates from null 
expectations, or to locate species diversification rate shifts on specific branches of the legume
phylogenetic tree. In this study, time-calibrated phylogenetic trees for a set of species-rich 
legume clades – Calliandra, Indigofereae, Lupinus, Mimosa and Robinieae – and for the 
legume family as a whole, are used to explore how we might approach these questions. 
These clades are analysed using recently developed maximum likelihood and Bayesian 
methods to detect species diversification rate shifts and test for among-lineage variation in 
speciation, extinction and net diversification rates. Possible explanations for rate shifts in 
terms of extrinsic factors and/or intrinsic trait evolution are discussed. In addition, several 
methodological issues and limitations associated with these analyses are highlighted 
emphasizing the potential to improve our understanding of the evolutionary dynamics of 
legume diversification by using much more densely sampled phylogenetic trees that integrate 
information across broad taxonomic, geographical and temporal levels.
Keywords: Species diversification, Leguminosae, Calliandra, Indigofereae, Lupinus, Mimosa,
Robinieae, Diversification rate shift, Speciation rate, Extinction rate.
* these authors contributed equally to this work.




Towards a new classification system for legumes: Progress report 
from the 6th International Legume Conference
The Legume Phylogeny Working Group, Borges, L., Bruneau, A., Cardoso, D., Crisp, M., 
Delgado-Salinas, A., Doyle, J.J., Egan, A., Herendeen, P.S., Hughes, C., Kenicer, G., 
Klitgaard, B., Koenen, E., Lavin, M., Lewis, G., Luckow, M., Mackinder, B., Malécot, V.,
Miller, J.T., Pennington, R.T., de Queiroz, L.P., Schrire, B., Simon, M.F., Steele, K., 
Torke, B., Wieringa, J.J., Wojciechowski, M.F., Boatwright, S., de la Estrella, M., de 
Freitas Mansano, V., Prado, D.E., Stirton, C., Wink, M. – South African Journal of 
Botany (2013) 89:3-9.
Legume systematists have been making great progress in understanding evolutionary 
relationships within the Leguminosae (Fabaceae), the third largest family of flowering plants. 
As the phylogenetic picture has become clearer, so too has the need for a revised 
classification of the family. The organization of the family into three subfamilies and 42 tribes 
is outdated and evolutionarily misleading. The three traditionally recognized subfamilies, 
Caesalpinioideae, Mimosoideae, and Papilionoideae, do not adequately represent 
relationships within the family. The occasion of the Sixth International Legume Conference in 
Johannesburg, South Africa in January 2013, with its theme “Towards a new classification 
system for legumes,” provided the impetus to move forward with developing a new 
classification. A draft classification, based on current phylogenetic results and a set of 
principles and guidelines, was prepared in advance of the conference as the basis for 
discussion. The principles, guidelines, and draft classification were presented and debated at 
the conference. The objectives of the discussion were to develop consensus on the principles
that should guide the development of the classification, to discuss the draft classification's 
strengths and weaknesses and make proposals for its revision, and identify and prioritize 
phylogenetic deficiencies that must be resolved before the classification could be published. 
This paper describes the collaborative process by a large group of legume systematists, 
publishing under the name Legume Phylogeny Working Group, to develop a new 
phylogenetic classification system for the Leguminosae. The goals of this paper are to inform 
the broader legume community, and others, of the need for a revised classification, and spell 
out clearly what the alternatives and challenges are for a new classification system for the 
family.
Keywords: Leguminosae, Classification, Fabaceae
My contributions: I co-wrote the aricle.
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Using targeted enrichment of nuclear genes to increase phylogenetic 
resolution in the neotropical rain forest genus Inga (Leguminosae: 
Mimosoideae)
Nicholls, J.A., Pennington, R.T., Koenen, E.J., Hughes, C.E., Hearn, J., Bunnefeld, L., 
Dexter, K.G., Stone, G.N. and Kidner, C.A. – Frontiers in Plant Science (2015) 6:710.
Evolutionary radiations are prominent and pervasive across many plant lineages in diverse 
geographical and ecological settings; in neotropical rainforests there is growing evidence 
suggesting that a significant fraction of species richness is the result of recent radiations. 
Understanding the evolutionary trajectories and mechanisms underlying these radiations 
demands much greater phylogenetic resolution than is currently available for these groups. 
The neotropical tree genus Inga (Leguminosae) is a good example, with ~300 extant species 
and a crown age of 2–10 MY, yet over 6 kb of plastid and nuclear DNA sequence data gives 
only poor phylogenetic resolution among species. Here we explore the use of larger-scale 
nuclear gene data obtained though targeted enrichment to increase phylogenetic resolution 
within Inga. Transcriptome data from three Inga species were used to select 264 nuclear loci 
for targeted enrichment and sequencing. Following quality control to remove probable 
paralogs from these sequence data, the final dataset comprised 259,313 bases from 194 loci 
for 24 accessions representing 22 Inga species and an outgroup (Zygia). Bayesian 
phylogenies reconstructed using either all loci concatenated or a gene-tree/species-tree 
approach yielded highly resolved phylogenies. We used coalescent approaches to show that 
the same targeted enrichment data also have significant power to discriminate among 
alternative within-species population histories within the widespread species I. umbellifera. In 
either application, targeted enrichment simplifies the informatics challenge of identifying 
orthologous loci associated with de novo genome sequencing. We conclude that targeted 
enrichment provides the large volumes of phylogenetically-informative sequence data 
required to resolve relationships within recent plant species radiations, both at the species 
level and for within-species phylogeographic studies.
Keywords: hybrid capture, Inga, next-generation sequencing, phylogenomics, population 
genomics, radiation, targeted enrichment
My contributions: This article is the result of a collaboration on hybrid capture in mimosoids, 
where we designed baits together for studies in Inga and across the whole of the mimosoid 
clade. Apart from having been involved in the bait design, I have provided extensive 
comments on the analyses and contributed to the writing of the article.
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Mimosoid legume plastome evolution: IR expansion, tandem repeat 
expansions, and accelerated rate of evolution in clpP
Dugas, D.V., Hernandez, D., Koenen, E.J., Schwarz, E., Straub, S., Hughes, C.E., Jansen, 
R.K., Nageswara-Rao, M., Staats, M., Trujillo, J.T. and Hajrah, N.H. – Scientific reports 
(2015) 5:16958.
The Leguminosae has emerged as a model for studying angiosperm plastome evolution 
because of its striking diversity of structural rearrangements and sequence variation. 
However, most of what is known about legume plastomes comes from few genera 
representing a subset of lineages in subfamily Papilionoideae. We investigate plastome 
evolution in subfamily Mimosoideae based on two newly sequenced plastomes (Inga and 
Leucaena) and two recently published plastomes (Acacia and Prosopis), and discuss the 
results in the context of other legume and rosid plastid genomes. Mimosoid plastomes have a
typical angiosperm gene content and general organization as well as a generally slow rate of 
protein coding gene evolution, but they are the largest known among legumes. The increased
length results from tandem repeat expansions and an unusual 13 kb IR-SSC boundary shift in
Acacia and Inga. Mimosoid plastomes harbor additional interesting features, including loss of 
clpP intron1 in Inga, accelerated rates of evolution in clpP for Acacia and Inga, and dN/dS 
ratios consistent with neutral and positive selection for several genes. These new plastomes 
and results provide important resources for legume comparative genomics, plant breeding, 
and plastid genetic engineering, while shedding further light on the complexity of plastome 
evolution in legumes and angiosperms.
My contributions: I have assembled the Inga plastome and discovered the boundary shift of 
the inverted repeat with the short single copy region which has led to an extended inverted 
repeat in most Ingioid mimosoids, and I contributed to the writing of the article.
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A new subfamily classification of the Leguminosae based on a 
taxonomically comprehensive phylogeny
The Legume Phylogeny Working Group (LPWG), Azani, N., Babineau, M., Bailey, C.D., 
Banks, H., Barbosa, A.R., Pinto, R.B., Boatwright, J.S., Borges, L.M., Brown, G.K., 
Bruneau, A., Candido, E., Cardoso, D., Chung, K., Clark, R.P., Conceição, A.d., Crisp, 
M., Cubas, P., Delgado-Salinas, A., Dexter, K.G., Doyle, J.J., Duminil, J., Egan, A.N., 
de la Estrella, M., Falcão, M.J., Filatov, D.A., Fortuna-Perez, A.P., Fortunato, R.H., 
Gagnon, E., Gasson, P., Rando, J.G., de Azevedo Tozzi, A.M., Gunn, B., Harris, D., 
Haston, E., Hawkins, J.A., Herendeen, P.S., Hughes, C.E., Iganci, J.R., Javadi, F., 
Kanu, S.A., Kazempour-Osaloo, S., Kite, G.C., Klitgaard, B.B., Kochanovski, F.J., 
Koenen, E.J., Kovar, L., Lavin, M., le Roux, M., Lewis, G.P., de Lima, H.C., López-
Roberts, M.C., Mackinder, B., Maia, V.H., Malécot, V., Mansano, V.F., Marazzi, B., 
Mattapha, S., Miller, J.T., Mitsuyuki, C., Moura, T., Murphy, D.J., Nageswara-Rao, M., 
Nevado, B., Neves, D., Ojeda, D.I., Pennington, R.T., Prado, D.E., Prenner, G., de 
Queiroz, L.P., Ramos, G., Filardi, F.L., Ribeiro, P.G., de Lourdes Rico-Arce, M., 
Sanderson, M.J., Santos-Silva, J., São-Mateus, W.M., Silva, M.J., Simon, M.F., Sinou, 
C., Snak, C., de Souza, É.R., Sprent, J., Steele, K.P., Steier, J.E., Steeves, R., Stirton, 
C.H., Tagane, S., Torke, B.M., Toyama, H., da Cruz, D.T., Vatanparast, M., Wieringa, 
J.J., Wink, M., Wojciechowski, M.F., Yahara, T., Yi, T., Zimmerman, E. – Taxon (2017) 
66:44-77.
The classification of the legume family proposed here addresses the long‐known non‐
monophyly of the traditionally recognised subfamily Caesalpinioideae, by recognising six 
robustly supported monophyletic subfamilies. This new classification uses as its framework 
the most comprehensive phylogenetic analyses of legumes to date, based on plastid matK 
gene sequences, and including near‐complete sampling of genera (698 of the currently 
recognised 765 genera) and ca. 20% (3696) of known species. The matK gene region has 
been the most widely sequenced across the legumes, and in most legume lineages, this gene
region is sufficiently variable to yield well‐supported clades. This analysis resolves the same 
major clades as in other phylogenies of whole plastid and nuclear gene sets (with much 
sparser taxon sampling). Our analysis improves upon previous studies that have used large 
phylogenies of the Leguminosae for addressing evolutionary questions, because it maximises
generic sampling and provides a phylogenetic tree that is based on a fully curated set of 
sequences that are vouchered and taxonomically validated. The phylogenetic trees obtained 
and the underlying data are available to browse and download, facilitating subsequent 
analyses that require evolutionary trees. Here we propose a new community‐endorsed 
classification of the family that reflects the phylogenetic structure that is consistently resolved 
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and recognises six subfamilies in Leguminosae: a recircumscribed Caesalpinioideae DC., 
Cercidoideae Legume Phylogeny Working Group (stat. nov.), Detarioideae Burmeist., 
Dialioideae Legume Phylogeny Working Group (stat. nov.), Duparquetioideae Legume 
Phylogeny Working Group (stat. nov.), and Papilionoideae DC. The traditionally recognised 
subfamily Mimosoideae is a distinct clade nested within the recircumscribed Caesalpinioideae
and is referred to informally as the mimosoid clade pending a forthcoming formal tribal and/or 
clade‐based classification of the new Caesalpinioideae. We provide a key for subfamily 
identification, descriptions with diagnostic charactertistics for the subfamilies, figures 
illustrating their floral and fruit diversity, and lists of genera by subfamily. This new 
classification of Leguminosae represents a consensus view of the international legume 
systematics community; it invokes both compromise and practicality of use.
Keywords: Caesalpinioideae, Cercidoideae, Detarioideae, Dialioideae, Duparquetioideae, 
mimosoid clade, Papilionoideae, plastid matK phylogeny
My contributions: I curated and aligned the matK data set for mimosoids, combined it with 
data sets for the rest of the family that were curated by others, and performed the 
phylogenetic analyses on the resulting matrix. I have also written the formal description of 
subfamily Caesalpinioideae as well as contributing to the writing of other sections of the 




Phylogenomics of the major tropical plant family Annonaceae using 
targeted enrichment of nuclear genes
Couvreur, T.L., Helmstetter, A.J., Koenen, E.J., Bethune, K., Brandão, R.D., Little, S.A., 
Sauquet, H. and Erkens, R.H. – Frontiers in plant science (2019) 9:1941.
Targeted enrichment and sequencing of hundreds of nuclear loci for phylogenetic 
reconstruction is becoming an important tool for plant systematics and evolution. Annonaceae
is a major pantropical plant family with 110 genera and ca. 2,450 species, occurring across all
major and minor tropical forests of the world. Baits were designed by sequencing the 
transcriptomes of five species from two of the largest Annonaceae subfamilies. Orthologous 
loci were identified. The resulting baiting kit was used to reconstruct phylogenetic 
relationships at two different levels using concatenated and gene tree approaches: a family 
wide Annonaceae analysis sampling 65 genera and a species level analysis of tribe 
Piptostigmateae sampling 29 species with multiple individuals per species. DNA extraction 
was undertaken mainly on silicagel dried leaves, with two samples from herbarium dried 
leaves. Our kit targets 469 exons (364,653 bp of sequence data), successfully capturing 
sequences from across Annonaceae. Silicagel dried and herbarium DNA worked equally well. 
We present for the first time a nuclear gene-based phylogenetic tree at the generic level 
based on 317 supercontigs. Results mainly confirm previous chloroplast based studies. 
However, several new relationships are found and discussed. We show significant differences
in branch lengths between the two large subfamilies Annonoideae and Malmeoideae. A new 
tribe, Annickieae, is erected containing a single African genus Annickia. We also 
reconstructed a well-resolved species-level phylogenetic tree of the Piptostigmteae tribe. Our 
baiting kit is useful for reconstructing well-supported phylogenetic relationships within 
Annonaceae at different taxonomic levels. The nuclear genome is mainly concordant with 
plastome information with a few exceptions. Moreover, we find that substitution rate 
heterogeneity between the two subfamilies is also found within the nuclear compartment, and 
not just plastomes and ribosomal DNA as previously shown. Our results have implications for 
understanding the biogeography, molecular dating and evolution of Annonaceae.
Keywords: Annonaceae, rain forests, systematics, transcriptomes, Piptostigmateae, 
herbarium
My contributions: I used the methodology that was developed for selecting low-copy nuclear
genes for hybrid capture in mimosoids to design a set of genes to target in Annonaceae, the 
results of which are described in this article. I also contributed to the writing of the article.
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Phylogenomic analyses reveal an exceptionally high number of 
evolutionary shifts in a florally diverse clade of African legumes 
Ojeda, D.I., Koenen, E., Cervantes, S., de la Estrella, M., Banguera-Hinestroza, E., 
Janssens, S.B., Migliore, J., Demenou, B.B., Bruneau, A., Forest, F. and Hardy, O.J. – 
Molecular phylogenetics and evolution (2019) 137:156-167.
Detarioideae is well known for its high diversity of floral traits, including flower symmetry, 
number of organs, and petal size and morphology. This diversity has been characterized and 
studied at higher taxonomic levels, but limited analyses have been performed among closely 
related genera with contrasting floral traits due to the lack of fully resolved phylogenetic 
relationships. Here, we used four representative transcriptomes to develop an exome capture 
(target enrichment) bait for the entire subfamily and applied it to the Anthonotha clade using a 
complete data set (61 specimens) representing all extant floral diversity. Our phylogenetic 
analyses recovered congruent topologies using ML and Bayesian methods. Anthonotha was 
recovered as monophyletic contrary to the remaining three genera (Englerodendron, 
Isomacrolobium and Pseudomacrolobium), which form a monophyletic group sister to 
Anthonotha. We inferred a total of 35 transitions for the seven floral traits (pertaining to flower 
symmetry, petals, stamens and staminodes) that we analyzed, suggesting that at least 30% of
the species in this group display transitions from the ancestral condition reconstructed for the 
Anthonotha clade. The main transitions were towards a reduction in the number of organs 
(petals, stamens and staminodes). Despite the high number of transitions, our analyses 
indicate that the seven characters are evolving independently in these lineages. Petal 
morphology is the most labile floral trait with a total of seven independent transitions in 
number and seven independent transitions to modification in petal types. The diverse petal 
morphology along the dorsoventral axis of symmetry within the flower is not associated with 
differences at the micromorphology of petal surface, suggesting that in this group all petals 
within the flower might possess the same petal identity at the molecular level. Our results 
provide a solid evolutionary framework for further detailed analyses of the molecular basis of 
petal identity.
Keywords: Detarioideae, Berlinia clade, Flower evolution, Papillose conical cells, Petal 
number, Petal identity, Phylogenomics, Target enrichment
My contributions: I used the methodology that was developed for selecting low-copy nuclear
genes for hybrid capture in mimosoids to design a set of genes to target in Detarioideae, the 
results of which are described in this article. I also contributed to the writing of the article.
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6th International Legume Conference in 2013, Johannesburg, South Africa,
Oral presentation of 15 minutes
Symposium: Phylogeny and classification of Mimosoideae
A novel approach using hybrid sequence capture and massively 
parallel sequencing to build the Mimosoid Legume phylogeny
E.J.M. Koenen1, R.T. Pennington2, C.A. Kidner2,3, J.A. Nicholls4, J.T. Miller5, C.E. Hughes1
1Institute of Systematic Botany, University of Zurich, Zollikerstrasse 107, 8008 Zürich, 
Switzerland
2Royal Botanic Gardens Edinburgh, Edinburgh, UK
3Institute of Molecular Plant Sciences, University of Edinburgh, UK
4Institute of Evolutionary Biology, University of Edinburgh, UK
5Centre for Australian National Biodiversity Research, CSIRO Plant Industry, Canberra, 
Australia
The phylogeny of the Legume subfamily Mimosoideae remains poorly resolved, with several
large polytomies across the (supra) generic backbone. Lack of resolution is especially stark in
the large clade comprising tribe Ingeae plus Acacia s.s. that contains almost two thirds of the
c. 3271 species in the subfamily. Across this large clade generic relationships are essentially
unknown because the sparse resolution in current phylogenies is mostly poorly supported.
Moreover, generic delimitation remains in a state of flux, especially surrounding the genus
Albizia  and  allies.  To  address  these  problems,  we  are  using  novel  next-generation
sequencing approaches to increase the amount of DNA sequence data for more powerful
phylogenetic inference in the subfamily. Using hybrid sequence capture techniques with baits
produced using PCR, we are sequencing whole chloroplast genomes across mimosoids to
resolve the generic backbone. In addition, we have generated RNA-seq data for six species
in order to select orthologous single-copy genes from the nuclear genome for further hybrid
capture experiments. Recently developed deep multiplexing strategies will be used to greatly
upscale the number of samples that can be processed on high-throughput sequencers, and
hence  taxon  sampling.  Our  goal  is  to  generate  a  densely  sampled  phylogeny  for  the
subfamily, with a focus on Ingeae, to resolve higher level relationships and revise the generic
delimitation of Albizia. The resulting phylogeny will also be used to study large scale diversity




11th Latin American Botanical Congress in 2014, Salvador da Bahia, Brazil
Oral presentation of 15 minutes
Symposium: 20 Years of Molecular Systematics in Legumes: Reconciling DNA and 
Morphology into a New Classification System.
Rooting the legumes with full plastid proteome sequence data
Erik Koenen1, Royce Steeves2, Anne Bruneau2, Jan Wieringa3, Freek Bakker4, Colin Hughes1
1Institute of Systematic Botany, University of Zurich, Switzerland
2Institut de recherche en biologie végétale, Université de Montreal, Canada
3Naturalis Biodiversity Center, Leiden, the Netherlands
4Biosystematics department, University of Wageningen, the Netherlands
Many prominent clades (e.g. placental mammals, Angiospermae) have proven difficult to root,
particularly when the stem lineage is long, and the legume family (Leguminosae or Fabaceae)
is  no  exception.  We  believe  the  problem lies  in  the  difficulty  of  reconstructing  ancestral
sequence  evolution  along  the  long  stem lineage.  Also  for  some  of  the  longer  stemmed
ingroup taxa, failure to accurately reconstruct ancestral sequences is causing Long Branch
Attraction (LBA) artifacts which add to the problem of inferring the deepest relationships in the
legumes  and  Fabales.  We  attempt  to  resolve  these  issues  by  analyzing  a  much  larger
sequence dataset than used previously, using all protein-coding genes from the chloroplast
genome. We align and analyze the translated amino acid sequences with heterogeneous
mixture models that describe protein evolution more realistically than conventional models
used  at  the  DNA level.  When employing  different  outgroups  and  different  ingroup  taxon
sampling, the root is placed in different positions with high support. Using an experimental
approach to phylogenetics, we test for LBA artifacts by removing fast evolving sites and taxa.
We provide a new hypothesis of relationships among the Fabales families and the major
lineages of the legumes, but one that needs further testing with alternative data and methods.
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53rd Annual Meeting of the Association for Tropical Biology and Conservation 2016, 
Montpellier, France
Oral presentation of 15 minutes
Symposium: Success of tropical legumes and traits that contribute to their dominance
Temporal diversity dynamics of mimosoid legumes, a key ecological 
component of global tropical biomes
Erik Koenen1, Kyle Dexter2, Jens Ringelberg1, Elvia de Souza3, Priscilla de Almeida4, João 
Iganci5, Pétala Ribeiro4, Marcelo Simon6, Vanessa Terra7, Donovan Bailey8, James 
Boatwright9, Gillian Brown10, Javier Aju11, Michelle van der Bank12, Joe Miller13, Luciano de 
Queiroz4, Toby Pennington14, Colin Hughes1
1 University of Zurich - Department : Institute of Systematic Botany, 8008 Zurich - Switzerland,
2 University of Edinburgh - Department : School of Geosciences, EH9 3FE Edinburgh - United
Kingdom,
3 Universidade do Estado da Bahia - Department : Departamento de Educa, 48608-240 Paulo
Afonso - Brazil,
4 Universidade Estatal Feira de Santana - Department : Departamenta de Ciências Biológica,
44036-900 Feira de Santana - Brazil,
5 Universidade Federal do Rio Grande do Sul - Department : Instituto de Biociências,
Departamento de Botânica, 91501-970 Porto Alegre - Brazil,
6 Empresa Brasileira de Pesquisa Agropecuária Embrapa - Department : Parque Estação
Biológica, 70770-901 Brasilia - Brazil,
7 Universidade Federal de Uberlândia - Department : Instituto de Ciências Agrárias, 38400-
902
Uberlândia - Brazil,
8 New Mexico State University - Department : Department of Biology, 88003 Las Cruces NM -
USA,
9 University of the Western Cape - Department : Department of Biodiversity and Conservation
Biology, 7535 Bellville - Republic of South Africa,
10 Queensland Herbarium - Department : Department of Science, Information Technology and
Innovation, 4066 Brisbane - Australia,
11 University of Melbourne - Department : School of Biosciences, 3010 Victoria - Australia,
12 University of Johannesburg - Department : African Centre for DNA Barcoding, 2006
Auckland Park - Republic of South Africa,
13 National Science Foundation - Department : Division of Environmental Biology, 22230
Arlington VA - USA,
14 Royal Botanic Gardens Edinburgh - Department : Department of Science, EH3 5LR
Edinburgh - United Kingdom
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Background – The mimosoid legumes (Leguminosae-Mimosoideae) are a pantropically 
distributed clade of c. 3300 species of large rainforest trees and lianas, savanna and 
seasonally dry forest trees and shrubs, and creeping and geoxylic fire-adapted subshrubs. 
They occupy a wide ecological amplitude spanning the whole lowland tropics and often 
constitute abundant or dominant elements in tropical rain forests, seasonally dry forests and 
savannas. Here we analyse the temporal origins and evolutionary dynamics of extant 
mimosoid diversity in modern tropical biomes, to gain insights into the origins of tropical 
biodiversity.
Methods – We construct the largest phylogeny for the group to date by adding densely 
sampled phylogenetic trees of subclades in a hierarchical fashion onto a well-resolved time-
calibrated backbone phylogeny based on Next-Generation Sequencing (NGS) of plastid and 
nuclear genes. We correct for unsampled diversity by simulation and estimate speciation, 
extinction and net diversification rates across the phylogeny.
Results – While the clade dates back to at least the Early Eocene, most of the extant diversity
is derived from later episodes of diversification from the Early Miocene onwards. 
Exceptionally high diversity is found in the genus Mimosa (c. 550 spp.) and in a large clade 
comprising the tribes Ingeae and Acacieae p.p. (c. 2000 spp.), which includes multiple nested 
radiations. 
Discussion – We propose that the temporal diversity dynamics of mimosoid legumes are best 
explained by punctuated extinction and radiation, which leads to episodic species turnover 
through time. Our findings are important for a general understanding of the temporal 




19th International Botanical Congress 2017, Shenzhen, People’s Republic of China
Oral presentation of 20 minutes
Symposium: Phylogenomics and Evolution of Legumes
Solving Difficult Phylogenetic Problems in Leguminosae Using 
Multiple Genome-scale Sequence Data Sets
Erik Koenen1,4, Jens Ringelberg1, Catherine Kidner2, James Nicholls2, Toby Pennington2, Jan
Wieringa3, Freek Bakker4, Royce Steeves5, Dario Ojeda Alayon6, Jérémy Migliore6, Olivier 
Hardy6, Luciano de Queiroz7, Gillian Brown8, Gwylim Lewis9, Anne Bruneau10 and Colin 
Hughes1
1Department of Systematic & Evolutionary Botany, University of Zurich, Switzerland
2Royal Botanic Gardens Edinburgh, U.K.
3Naturalis Biodiversity Center, Leiden, the Netherlands
4Biosystematics department, University of Wageningen, the Netherlands
5Fisheries and Oceans Canada, Ottawa, Canada
6Université Libre de Bruxelles, Brussels, Belgium
7Universidade Federal de Feira de Santana, Bahia, Brazil
8The University of Melbourne Herbarium, Melbourne, Australia
9Royal Botanic Gardens, Kew, Richmond, U.K.
10Institut de recherche en biologie végétale, Université de Montreal, Canada
Several parts of the legume phylogeny suffer from lack of resolution. Here we investigate 
whether genome-scale data can resolve these problems, with a focus on three specific parts 
of the legume phylogeny: (1) the root of the Leguminosae and relationships among the six 
subfamilies, (2) relationships among the major lineages in Caesalpinioideae and (3) the large 
polytomy formed by the clade that includes the c. 37 genera in the non-monophyletic tribes 
Ingeae and Acacieae p.p. and c. 1,850 of the c. 3,300 species of mimosoid legumes 
(Caesalpinioideae-Mimosoida). We harness the power of large datasets including fully 
sequenced genomes, transcriptomes, complete chloroplast exomes/proteomes and hybrid 
capture sequence data for 967 low copy nuclear genes for the Caesalpinioideae. We explore 
different phylogenetic reconstruction methods using heterogeneous models of molecular 
evolution on both DNA and protein sequence data and gene-tree species-tree reconciliation 
methods. Our results show that the root of the legumes remains problematic to resolve, even 
with large volumes of data. After dissecting the phylogenetic signal among hundreds of 
nuclear genes, we find that significant numbers of genes support the different possible 
rootings. We suggest this might be caused by incomplete lineage sorting, rapid diversification 
of the early legume lineages, extinction of early legume diversity, whole genome duplication, 
214
APPENDIX II
or most likely, a combination of these factors. Within the Caesalpinioideae, we can resolve the
most probable branching order of the major lineages in the subfamily. Previously, lack of 
resolution across this part of the tree has hindered progress towards a phylogenetic 
classification of the legume family, even though it was clear that former subfamily 
Mimosoideae needed to be included in a recircumscribed Caesalpinioideae to avoid having to
recognize a large number of additional, small subfamilies. Our results provide the basis for a 
new tribal classification, and recognition of additional clades with evolutionary significance 
(e.g. a petiolar nectary clade and an aggregated pollen clade). Within the large clade 
combining former tribes Ingeae and Acacieae p.p., large scale plastid and nuclear gene data 
resolve several major subclades for the first time, supporting some previously hypothesized 
informal generic alliances based on morphology while rejecting others. Furthermore, 
substantial geographic and ecological structure is apparent across this large clade, but this 
requires further investigation to understand the relative contributions of dispersal limitation 
and niche conservatism in shaping the mimosoid phylogeny. Future research will focus on 
mimosoids, and aims to infer a robust backbone phylogeny for the clade with complete 
sampling of genera and dense sampling of larger genera using the same set of genes via 
further hybrid capture work. Our results have implications for revising the tribal classification 
of the legume family and our study has wider significance in terms of methods for inferring 
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Oral presentation of 40 minutes
Plenary talk
Phylogenomic complexity and legume evolution in deep time
Erik Koenen 
Institute of Systematic and Evolutionary Botany, University of Zurich
Although the study of legume evolution and phylogeny has progressed tremendously in 
recent decades, there is still uncertainty concerning resolution of the deepest divergences 
and the age of the family. Furthermore, there is phylogenetic uncertainty within several 
subfamilies, perhaps nowhere more so than within mimosoids, where relationships among the
c. 40 genera of the Ingeae/Acacieae p.p. clade are almost entirely unresolved in phylogenies 
based on one or a few markers. Improved estimates of phylogeny and divergence times are 
needed to investigate how key legume traits evolved and how the enormous contemporary 
species diversity arose. Analyzing genome-scale molecular sequence data sets, as pursued 
here, is a promising means of solving difficult phylogenetic problems. For the deepest 
divergences within the family, results indicate strong disagreement among gene trees about 
the relationships between subfamilies, suggesting a complex origin of the legumes involving 
incomplete lineage sorting and/or hybridization linked to ancient whole genome duplication. 
Hybrid capture data for mimosoids show that the Ingeae/Acacieae p.p. clade is resolved into 
several subclades but persistent lack of phylogenetic signal among the large majority of 
genes leaves relationships among these subclades still unresolved. This suggests that initial 
diversification of this clade occurred nearly instantaneously, such that the backbone of the 
clade should perhaps be seen as a hard polytomy. Time calibration analyses indicate that 
legumes likely originated in the Maastrichtian (Late Cretaceous) or possibly the early 
Paleocene and suggest that early legume evolution is closely associated with polyploidy and 
the Cretaceous-Paleogene (K-Pg) boundary. During the Cenozoic, legumes appear to have 
experienced multiple pulses of fast diversification, in line with evidence from the fossil record. 
Simulations using time-varying birth-death models under different extinction scenarios 
suggest significant episodic species turnover through time.
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Appendix III Supplementary information for Chapter I
Table S1. Accession information for taxa included in the chloroplast alignment.
Table S2. Accession information for taxa included in the nuclear genomic and 
transcriptomic data set.
Table S3. Counts of bipartitions representing nodes A-H (Fig. 3) and conflicting 
bipartitions representing other subfamily relationships among 3,473 gene trees.
Figure S1. ML topology as inferred by RAxML from amino acid alignment of chloroplast 
genes under the LG4X model. Numbers on nodes indicate bootstrap percentages 
estimated from 1000 replicates.
Figure S2. Bayesian majority-rule consensus tree inferred with Phylobayes from amino 
acid alignment of chloroplast genes under the CATGTR model. Numbers on nodes 
indicate posterior probabilities (pp) from 9000 post-burn-in MCMC cycles.
Figure S3. ML topology as inferred by RAxML from nucleotide alignment of chloroplast 
genes under the GTR + G model. Numbers on nodes indicate bootstrap percentages 
estimated from 1000 replicates.
Figure S4. Bayesian majority-rule consensus tree inferred with Phylobayes from 
nucleotide alignment of chloroplast genes under the CATGTR model. Numbers on 
nodes indicate the posterior probabilities (pp) from 9000 post-burn-in MCMC cycles.
Figure S5. ML topology as inferred by RAxML from a concatenated alignment of 1,103 
nuclear genes, under the LG4X model. Numbers on nodes indicate Internode Certainty 
All (ICA) values, as estimated from gene trees of the same 1,103 genes.
217 
Figure S6. Bayesian gene jackknifing majority-rule consensus tree inferred with 
Phylobayes from a concatenated alignment of 1,103 nuclear genes. Numbers on nodes 
indicate posterior probabilities (pp), averaged over 500 posterior trees each, for 25 
replicates (12,500 posterior trees in total).
Figure S7. Phylogeny estimated under the multi-species coalescent with ASTRAL. 
Support values indicated represent local posterior probability (blue rectangles) and 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure S1. ML topology as inferred by RAxML from amino acid alignment of chloroplast genes 






















































































































































































































































































































Figure S2. Bayesian majority-rule consensus tree inferred with Phylobayes from amino acid 
alignment of chloroplast genes under the CATGTR model. Numbers on nodes indicate posterior 

























































































































































































































































































































Figure S3. ML topology as inferred by RAxML from nucleotide alignment of chloroplast genes 

























































































































































































































































































































Figure S4.  Bayesian majority-rule consensus tree inferred with Phylobayes from nucleotide 
alignment of chloroplast genes under the CATGTR model. Numbers on nodes indicate the posterior 
























































































































































Figure S5. ML topology as inferred by RAxML from a concatenated alignment of 1,103 nuclear 
genes, under the LG4X model. Numbers on nodes indicate Internode Certainty All (ICA) values, as 































































































































































































































Figure S6. Bayesian gene jackknifing majority-rule consensus tree inferred with Phylobayes from 
a concatenated alignment of 1,103 nuclear genes. Numbers on nodes indicate posterior probabilities 











































































































































































































































































































Figure S7. Phylogeny estimated under the multi-species coalescent with ASTRAL. Support values 





















































Appendix IV Supplementary information for Chapter II
Table S1. Taxon occupancy per analysis..
Table S2. Age intervals specified for the fossil calibration priors under different alternative 
priors.
Table S3. Node age estimates and priors (95% HPD intervals) of nodes A-H in the different 
analyses.
Figure S1. Examples of homolog clusters with gene duplications in legumes that passed the 
bootstrap filter. Yellow stars behind nodes indicate locations of gene duplications, numbers on
nodes indicate bootstrap support. The plotted gene trees are extracted from (a) 
cluster3675_1rr_1rr, showing a duplication subtending Detarioideae, (b) cluster1032_1rr_1rr, 
showing a duplication subtending Papilionoideae, (c) cluster1248_1rr_1rr and (d) 
cluster2941_1rr_1rr, both with a duplication subtending the legume family. Trees for (e) 
cluster51_7rr_1rr and (f) cluster544_1rr_1rr show evidence of more than one duplication, 
including one specific to Papilionoideae in the former.
Figure S2. Numbers of gene duplications mapped across the species tree as estimated by 
Phyparts. The topology used is the ML topology of the nuclear concatenated alignment of 
1,103 genes, duplications were counted from 8,038 homolog clusters. Numbers above 
branches (with blue background) and below branches (with yellow background) represent 
numbers of duplications and numbers of homolog trees with duplications without or with a 
bootstrap filter of 50%, respectively.
Figure S3. Numbers of gene duplications mapped across the species tree as estimated by 
Notung. The topology used is the rosid portion of the ML topology of the nuclear concatenated
alignment of 1,103 genes, duplications were counted from 8,324 homolog clusters.
Figure S4. Numbers of gene duplications mapped across a non-binary species tree as 
estimated by Notung. The topology used is the rosid portion of the ML topology of the nuclear 
242 
concatenated alignment of 1,103 genes, with poorly supported relationships collapsed. 
duplications were counted from 8,324 homolog clusters.
Figure S5. Root-to-tip lengths per taxon with partitions of fixed local clocks indicated. Pruned 
taxa with outlier root-to-tip lengths are indicated with an X, partitions are indicated with colors.
(a) FLC3, (b) FLC6, (c) FLC8.
Figure S6. Chronogram estimated under the UCLN clock model. Numbers behind nodes 
indicate 95% HPD intervals. Substitution rate is indicated by colored branches, as indicated 
by the color legend, in substitutions per site per million years. Fossil calibrations as listed in 
Table 1 are indicated by blue labeled circles.
Figure S7. Chronogram estimated under the UCLN clock model, with alternative prior 2. 
Numbers behind nodes indicate 95% HPD intervals. Substitution rate is indicated by colored 
branches, as indicated by the color legend, in substitutions per site per million years. Fossil 
calibrations as listed in Table 1 are indicated by blue labeled circles.
Figure S8. Chronogram estimated under the RLC model. Numbers behind nodes indicate 
95% HPD intervals. Substitution rate is indicated by colored branches, as indicated by the 
color legend, in substitutions per site per million years. Fossil calibrations as listed in Table 1 
are indicated by blue labeled circles.
Figure S9. Chronogram estimated under the FLC3 model. Numbers behind nodes indicate 
95% HPD intervals. Clock partitions are indicated by colored branches. Fossil calibrations as 
listed in Table 1 are indicated by blue labeled circles.
Figure S10. Chronogram estimated under the FLC6 model. Numbers behind nodes indicate 
95% HPD intervals. Cock partitions are indicated by colored branches. Fossil calibrations as 
listed in Table 1 are indicated by blue labeled circles.
Figure S11. Chronogram estimated under the FLC8 model. Numbers behind nodes indicate 
95% HPD intervals. Clock partitions are indicated by colored branches. Fossil calibrations as 
listed in Table 1 are indicated by blue labeled circles.
243 
Figure S12. Chronogram estimated under the FLC8 model, with alternative prior 1. Numbers 
behind nodes indicate 95% HPD intervals. Clock partitions are indicated by colored branches.
Fossil calibrations as listed in Table 1 are indicated by blue labeled circles, with alternative 
calibrations as red circles.
Figure S13. Chronogram estimated under the STRC model. Numbers behind nodes indicate 
95% HPD intervals. Fossil calibrations as listed in Table 1 are indicated by blue labeled 
circles.
Figure S14. Substitution rates as estimated in FLC8 analyses for the different clock partitions.
Boxplots for each partition for (a) alternative prior 1 and (b) the “normal” prior setting. Colors 
correspond to the partitions as shown in Figures 5, S14, S15 and S18.
Figure S15. Histograms of age estimates of duplication nodes, for (a) the duplications 
mapped to the legume crown node in the Notung analysis and for duplication nodes in gene 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure S1. Examples of homolog clusters with gene duplications in legumes that passed the bootstrap 
filter. Yellow stars behind nodes indicate locations of gene duplications, numbers on nodes indicate bootstrap
support. The plotted gene trees are extracted from (A) cluster3675_1rr_1rr, showing a duplication subtending 
Detarioideae, (B) cluster1032_1rr_1rr, showing a duplication subtending Papilionoideae, (C) cluster1248_1rr_1rr 
and (D) cluster2941_1rr_1rr, both with a duplication subtending the legume family. Trees for (E) cluster51_7rr_1rr

































































































































































































































































































Figure S2. Numbers of gene duplications mapped across the phylogeny with Phyparts. The topology
used is the ML topology of the nuclear concatenated alignment of 1,103 genes, duplications were counted 
from 8,038 homolog clusters. Numbers above branches (with blue background) and below branches (with 
yellow background) represent numbers of duplications and numbers of homolog trees with duplications, 



























































































































































































Figure S3. Numbers of gene duplications mapped across the species tree as estimated by Notung.
The topology used is the rosid portion of the ML topology of the nuclear concatenated alignment of 1,103 


















































































































































































Figure S4. Numbers of gene duplications mapped across a non-binary species tree as 
estimated by Notung. The topology used is the rosid portion of the ML topology of the nuclear 
concatenated alignment of 1,103 genes, with poorly supported relationships collapsed. duplications 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure S5. Root-to-tip lengths per taxon with partitions of fixed local clocks indicated. Pruned 
taxa with outlier root-to-tip lengths are indicated with an X, partitions are indicated with colors. (A) 


















































































































































































































































Figure S6. Chronogram estimated under the UCLN clock model. Numbers behind nodes indicate 
95% HPD intervals. Substitution rate is indicated by colored branches, as indicated by the color legend, 
in substitutions per site per million years. Fossil calibrations as listed in Table 1 are indicated by blue 
labeled circles.
256 
Figure S7. Chronogram estimated under the UCLN clock model, with alternative prior 2.
Numbers behind nodes indicate 95% HPD intervals. Substitution rate is indicated by colored branches, 
as indicated by the color legend, in substitutions per site per million years. Fossil calibrations as listed 


















































































































































































































































Figure S8. Chronogram estimated under the RLC model. Numbers behind nodes indicate 95% 
HPD intervals. Substitution rate is indicated by colored branches, as indicated by the color legend, in 



















































































































































































































































Figure S9. Chronogram estimated under the FLC3 model. Numbers behind nodes indicate 95% 
HPD intervals. Clock partitions are indicated by colored branches. Fossil calibrations as listed in Table 1


















































































































































































































































Figure S10. Chronogram estimated under the FLC6 model. Numbers behind nodes indicate 95% 
HPD intervals. Cock partitions are indicated by colored branches. Fossil calibrations as listed in Table 1


















































































































































































































































Figure S11. Chronogram estimated under the FLC8 model. Numbers behind nodes indicate 95% 
HPD intervals. Cock partitions are indicated by colored branches. Fossil calibrations as listed in Table 1


















































































































































































































































Figure S12. Chronogram estimated under the FLC8 model, with alternative prior 1. Numbers 
behind nodes indicate 95% HPD intervals. Clock partitions are indicated by colored branches. Fossil 




































































































































































































































































































































































































































































































Figure S13. Chronogram estimated under the STRC model. Numbers behind nodes indicate 95% 
HPD intervals. Fossil calibrations as listed in Table 1 are indicated by blue labeled circles.
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Figure S14. Substitution rates as estimated in FLC8 analyses for the different clock partitions. 
Boxplots for each partition for (A) alternative prior 1 and (B) the “normal” prior setting. Colors 
correspond to the partitions as shown in Figs 5, S14, S15 and S18.
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Leguminosae (n=863)














































































Figure S15. Age estimates of duplication nodes. Histograms of age estimates for (a) the duplications
mapped to the legume crown node in the Notung analysis and for duplication nodes in gene trees with 
only (b) Detarioideae, (c) Caesalpinioideae and (d) Papilionoideae included.
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Appendix V Supplementary Information for Chapter III
Table S1. Voucher details, repository accession numbers and sequencing results for the 122 
accessions used in this study.
Figure S1. ML tree of the concatenated amino acid alignment of the 510 gene alignments 
with more than half of the accessions present, inferred with the LG4X model. Labels next to 
internodes indicate the bootstrap support of the subtending internode, only BS values less 
than 100% are shown. 
Figure S2. ML tree of the concatenated nucleotide alignment of the 510 gene alignments with
more than half of the accessions present, inferred with the GTRCAT model. Labels next to 
internodes indicate the bootstrap support of the subtending internode, only BS values less 
than 100% are shown. 
Figure S3. ML phylogeny of 72 protein coding genes from the chloroplast genome inferred 
with the GTRCAT model. Labels next to internodes indicate the bootstrap support of the 
subtending internode, only BS values less than 100% are shown.
Figure S4. ML topology of concatenated alignment of 1,767 gene alignments, with ICA values
indicated as branch labels. These values were calculated from gene trees of the same 1,767 
gene alignments (except with short sequences removed per gene alignment), taking only 
those bipartitions that received at least 80% BS into account.
Figure S5. ML topology of the concatenated alignment of the 510 gene alignments with more 
than half of the accessions present, with number of concordant and conflicting gene trees 
from the same set of 510 alignments written above and below internodes, respectively. Pie 
charts show the number of concordant bipartitions in blue, the most common conflicting 
bipartition in green, all other conflicting bipartitions in red and non-informative gene trees in 
grey. Only bipartitions with at least 50% BS were taken into account.
266 
Figure S6. ASTRAL tree with polytomy test results indicated, only showing non-zero p-
values, for nodes with a p-value >0.05 (shown in red) a polytomy is not rejected. Terminal 
branch lengths are set at 1 (instead of 0) for better visualization.
Figure S7. ML tree of the concatenated nucleotide alignment of the 510 gene alignments with
more than half of the accessions present, but with Cedrelinga cateniformis removed, inferred 
with the GTRCAT model. Labels next to internodes indicate the bootstrap support of the 
subtending internode, only BS values less than 100% are shown. 
Figure S8. ML tree of the concatenated nucleotide alignment of the 510 gene alignments with
more than half of the accessions present, but with Cedrelinga cateniformis and the Samanea 
clade removed, inferred with the GTRCAT model. Labels next to internodes indicate the 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure S1. ML tree of the concatenated amino acid alignment of the 510 gene alignments with more than half of the accessions
present, inferred with the LG4X model. Labels next to internodes indicate the bootstrap support of the subtending internode, only 
BS values less than 100% are shown. 
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Calpocalyx dinklagei Wieringa 6094
Xylia hoffmannii EK402
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Aubrevillea kerstingii Nimba Botanic Team JR957
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Pararchidendron pruinosum Jobson 1039
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Albizia inundata JRIW26530
Albizia edwallii Dalmaso 272
Abarema jupunba MFS1600
Balizia sp nov MPM577
Hydrochorea corymbosa 2 JRI 862
Hydrochorea corymbosa 1 Bonadeu 655































Figure S2. ML tree of the concatenated nucleotide alignment of the 510 gene alignments with more than half of the accessions
present, inferred with the GTRCAT model. Labels next to internodes indicate the bootstrap support of the subtending internode, 
only BS values less than 100% are shown. 
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Figure S3. ML phylogeny of 72 protein coding genes from the chloroplast genome inferred with the
GTRCAT model. Labels next to internodes indicate the bootstrap support of the subtending internode, 
only BS values less than 100% are shown. 
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Figure S4. ML topology of concatenated alignment of 1,767 gene alignments, with ICA values indicated as
branch labels. These values were calculated from gene trees of the same 1,767 gene alignments (except with 
short sequences removed per gene alignment), taking only those bipartitions that received at least 80% BS
into account.
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Figure S5. ML topology of the concatenated alignment of the 510 gene alignments with more than half
of the accessions present, with number of concordant and conflicting gene trees from the same set of 
510 alignments written above and below internodes, respectively. Pie charts show the number of 
concordant bipartitions in blue, the most common conflicting bipartition in green, all other conflicting
bipartitions in red and non-informative gene trees in grey. Only bipartitions with at least 50% BS were
taken into account.
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Figure S6. ASTRAL tree with polytomy test results indicated, only showing non-zero p-values, for nodes 
with a p-value >0.05 (shown in red) a polytomy is not rejected. Terminal branch lengths are set at 1 
(instead of 0) for better visualization.
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Figure S7. ML tree of the concatenated nucleotide alignment of the 510 gene alignments with more than half of the accessions
present, but with Cedrelinga cateniformis removed, inferred with the GTRCAT model. Labels next to internodes indicate the 
bootstrap support of the subtending internode, only BS values less than 100% are shown. 
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Newtonia hildebrandtii OM2457









Schleinitzia novoguineensis Chaplin 57 84
Desmanthus leptophyllus CEH2035
































Serianthes nelsonii Moore 1241
Falcataria moluccana Ambri and Arifin W826A
Albizia splendens Newman 2094
Archidendron lucidum Wang and Lin 2534
Pararchidendron pruinosum Jobson 1039






Cathormion umbellatum Jobson 1037
Albizia retusa Hyland 2732
Albizia saponaria Jobson 1041
Albizia adianthifolia Wieringa 6278
Albizia grandibracteata EK159
Albizia zygia Wieringa 5915
Albizia atakataka EK229
Albizia aurisparsa EK230












Albizia edwallii Dalmaso 272
Albizia inundata JRIW26530
Albizia burkartiana StivalSantos 678
Abarema jupunba MFS1600
Balizia pedicellaris LPQ15529
Balizia sp nov MPM577
Cathormion obliquifoliolatum Wieringa 6519
Hydrochorea corymbosa 2 JRI 862



































Figure S8. ML tree of the concatenated nucleotide alignment of the 510 gene alignments with more than half of the accessions
present, but with Cedrelinga cateniformis and the Samanea clade removed, inferred with the GTRCAT model. Labels next to 
internodes indicate the bootstrap support of the subtending internode, only BS values less than 100% are shown. 
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Pararchidendron pruinosum Jobson 1039
Albizia splendens Newman 2094
Archidendron lucidum Wang and Lin 2534
Archidendropsis granulosa McKee 38353
Acacia longifolia EK182
Paraserianthes lophantha MSB125309
Serianthes nelsonii Moore 1241
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Albizia edwallii Dalmaso 272




Balizia sp nov MPM577
Cathormion obliquifoliolatum Wieringa 6519
Hydrochorea corymbosa 1 Bonadeu 655
















Zygia sp mediana ColeyKursarTip917
Enterolobium contortisiliquum LPQ15579
Cathormion umbellatum Jobson 1037
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